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ABSTRACT

A matrix treatment of eigenstructure assignment theory as applied to the

generalized linear time invariant system is presented. New geometrical interpretations
of the constraints on selecting desired closed loop right and left eigenvectors as

functions of the open loop system parameters are then shown to give qualitative

measures on the computational complexity of selecting the vectors. Numerical

optimization schemes are then presented which satisfy these geometric interpretations

for subsequent encoding of an interactive eigenstructure synthesis program, EIGENS.

Robust decoupling controllers are then synthesized via EIGENS. A new theoretical
application of eigenstructure assignment to reconfiguring damaged digital flight

controllers is then presented. The thesis concludes with reconfigured solution

demonstrations as applied to the F/A-18 aircraft.
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I. INTRODUCTION

Modification of linear or non linear dynamic system behaviours via feedback

control of either the estimated or observed variable or the dynamic state variable is a

fundamental tool of modern control engineering. Such desired modifications might

include [Ref. I:

a. Stabilizing otherwise unstable systems,
b. Decoupling overall system response to plant or controller noise,

c. Desensitizing system performance as a function of plant variations (robustness) or,
d. Invoking a desired transient response characteristic and modal signature.

For linear time invariant single input single output (SISO) systems, calculation of
the required feedback to perform one of these desired system behaviours is relatively

straight forward and well documented [Refs. 2,31. The SISO static feedback problem is

additionally characterized by a specific design specification. The classic pole placement

problem for example results in solving a full rank linear system of' equations for the

unknown feedback gains. These feedback gains will then invoke a set of closed loop

poles which in turn give rise to specific transient behaviours. Further modification of

the modal behaviour of the system can only be accomplished through a different set of

feedback gains. This limited degree of freedom of the feedback design space of the

classical SISO dynamic problem can additionally be interpreted as a bound on what

performance specifications one can designate. Specification of additional system

modification such as modal decoupling for example is not possible.

Design of acceptable feedback compensations for linear time invariant multi

input multi output, (MIMO) systems are primarily treated by state space solution

techniques of modern control. As modern control theory can also treat non-linear and

time varying dynamic systems, this time domain approach has proved successful both

computationally and analytically. The linear quadratic gaussian (LQG) problem is a

prime example of a successful time domain solution approach [Refs. 4,5,6]. Frequency

response methods, along with such eigenvalue design approaches as characteristic loci

and dyadic expansions and non - eigenvalue methods as the inverse Nyquist array

technique have also been noted in the literature [Ref. 7]. More importantly, the

a ,1
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underlying theme in all these design methodologies is that the resulting set of feedback

gains, F, which satisfy a singular design criteria such as eigenvalue placement,

maximizing a multivariable robustness measure [Ref. 81 or minimizing a particular

quadratic cost function [Ref. 91 for example, is not unique. This non uniqueness of

solution ideally allows the multivariable controller design problem to be formulated for

solution by numerical optimization techniques.

Exploiting the specification of the eigenvectors of a N11AIO closed loop system

via numerical optimization techniques is the prime motivation of this research. Results

include the following.

a. An interactive algorithm for eigenstructure synthesis and analysis of MIMO
systems.

b. An analysis of both left and right eigenspaces as geometric interpretations of
aleebraic restrictions on closed loop eigenvector specification published
pr' ,viously, and

c. A new application of eiqgenstructure assignment to reconfiguring digital flight
controllers for a class of damaged flight cintrol systems.

Subsequent to a discussion of previous reported research in eigenstructure
assignment, a new matrix treatment of eigenstructure theory is presented. This is

followed by a description of the numerical optimization techniques used for designing

particular multivariable controllers. Applications of these numerical techniques to

design of various robust decoupling controllers are then shown. The latter part will

present the theoretical framework of a new application of eigenstructure assignment to
the synthesis of reconfigured digital flight controllers. The thesis will then conclude

with reconfigured solutions for specific classes of damage to the F-18 tactical aircraft.

12
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I. BACKGROUND

The following state variable equations define the linear time invariant system

used throughout this thesis for the continuous time domain. The state, output, and

control equations are,

x=Ax + Bu + G1 s (eqn 2.1)

y = Cx + Du (eqn 2.2)

u = Fy + G,6 (eqn 2.3)

where each vector is defined as elements of the following vector spaces,

X e (eqn 2.4)

y e (eqn 2.5)

u e am (eqn 2.6)

8 e A' (eqn 2.7)

The individual system matrices are defined as follows,

A = n x n plant matrix

B - n x m control matrix

G - n x c feed forward command state matrix

C I x n output matrix

D = I x m feed forward output matrix

13
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F = m x I feedback gain matrix

G 2 = m x c feed forward command input matrix

The flexibility afforded by eigenstructure assignment to design of linear time

invariant MIM1O state feedback controllers has been well documented since the mid

1970's. Moore [Ref. 101 defined this flexibility of design beyond specification of closed

loop eigenvalues in terms of allowable sets of closed loop eigenvectors tar systems with

distinct eigenvalues. In addition, he demonstrated that for those eigenvalues which

were invariant under state feedback (uncontrollable), design freedom of eigenvector

specification still existed without rigorous constraints. During the same research

period, Srinathkumar [Ref. 11] showed that for controllable systems with n states and m

inputs, n closed loop eigenvalues and 'm x n' elements of the corresponding eigenvector

matrix may be arbitrarily specified. A key additional constraint is that no more then
Om" elements of each individual eigenvector may be specified simultaneously. Klein and

Moore [Ref. 12] extended the results of Moore [Ref. 101 to include systems with a given

set of non-distinct eigenvalues. The algorithm presented by these researchers enables a

designer to invoke an allowable closed loop Jordan eigenstructure via state feedback.

For MIAO systems employing output feedback, Srinathkumar [Ref. 13] presented

an eigenstructure design theorem that has become a foundation for many researchers

engaged in analysis of such MIMO systems. Restated here,

for systems with ' inputs and '1 outputs, max (m.1) closed loop eigenvalues

can be specified and max (m,l) eigenvectors or reciprocal vectors by duality

can be partially assigned with min (m,l) elements of each eigenvector specified.

As the analytical treatment of eigenstructure assignment became familiar,

subsequent workers began to explore applications to some existing design problems.

Two examples are noted. Sebakhy and Abdel - Moneium [Ref. 14] presented an

algorithm for computing state feedback gains which invoked minimum time responses

(deadbeat controllers) for multivariable linear discrete time systems which

simultaneously allowed the designer flexibility in selecting the closed loop eigenvectors.

Klein [Ref. 15] provided guidelines for constructing state feedback decoupling

controllers which are robust to small perturbations by means of an eigenvector

approach. Noteworthy in this work is the use of geometrical interpretations [Ref. 16]

to analysis of the allowable closed loop design space as functions of open loop

parameters.

14
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Andry, Shapiro and Chung [Ref. 17] extended the analytical work in

eigenstructure assignment by investigating the constrained output feedback case. By

assigning fixed zeroes to specified feedback gain elements, they noted that engineering

flexibility is gained by the designer in terms of being able to compute a spectrum of

satisfactory controllers. This enables one to compare the entire range of controllers

(full state feedback through constrained output feedback) with respect to performance,

cost, and reliability.

Magni and Herail jRef. 18] presented methods which invoke disturbance

decoupling via output feedback. These researchers used the design freedom of

eigenvector specification to minimize the norm of the transfer matrix between the

particular disturbance and the controlled state variables. This in effect attenuated the

particular disturbance in the resulting system response. They applied these results to

an aircraft gust alleviation (1 - cosine) problem with some success.

Eastman and Bossi [Ref. 19] generalized the linear quadratic gaussian eigenvalue

placement technique of Solheim [Ref. 20] to include specification of the allowable

closed loop eigenvectors. An iterative algorithm, eigenvector specification was

accomplished by manipulating the geometric structure of the Ricatti matrix at each

iterative stage.

Numerical methods for computing robust state feedback gains as explicit

functions of the closed loop eigenstructure were presented by Kautskv, Nichols, and
Van Dooren [Ref. 21]. Noteworthy in this work is the exploitation of an established

a, matrix factorization, the singular value decomposition (SVD) [Ref. 22]. Through the

use of SVD these authors arrived at an expression for full state feedback gains as an

explicit function of the closed loop eigenstructure. In this thesis, an extension of their
analysis to the output feedback case involving the closed loop left (or dual)

eigenvectors will be presented.

Of the several analytical works which focus on eigenstructure assignment for

linear dynamic systems, mention should be made of the paper by Sobel and Shapiro

[Refs. 23,24]. A two part work, Part I [Ref. 23] presents eigenstructure assignment

theory in a tutorial fashion. Part II [Ref. 24] presents informative applications to flight

control design via output and constrained output feedback controllers which were to

meet specified modal structures.

Several recent authors have continued the research of applying eigenstructure

assignment theory to linear state feedback design. Mielke, Carraway, and Marefat

15



[Ref. 25] presented an interactive design algorithm using the classic results of
Srinathkumar [Ref. 13] and [Ref. 10] while Liebst and Garrad [Ref. 261 applied the
work of Andry, et. al. [Ref. 171 to aircraft flutter control and gust alleviation problems.
White and Speyer [Ref. 27] presented innovative results of the application of

eigenstructure assignment to failure detection filters, a type of observer.
Recent analytical research in eigenstructure theory has centered on subspace

characterizations or the allowable sets of closed loop eigenvectors. Fletcher. Kautskv,

Kolka. and Nichols fRef. 2S] arrived at explicit expressions of feedback gains as
functions of right and left eigenstructures. This paper provided the initial motivation
to examine the increased eigenvector constraints imposed by output feedback in terms
of the dual constraints on the allowable left eigenvectors. Sogaard-Anderson,
Trostmann. and Conrad [Ref. 29] characterized the sets of allowable right and left
eigenvector sets in terms of residual subspaces defined by the matrix residuals

associated with the desired closed loop eigenvalues. This work however, did not
explicitly examine the left eigenvector sets as members of a particular subspace. This

thesis will examine such a membership.

In this thesis, research objectives were accomplished in two phases. The initial
phase concentrated on the coding of an interactive eigenstructure design algorithm

(EIGENS) for linear dynamic systems with no restrictions as to state or output
feedback [Ref. 301. Applications of the algor:iihm to design of robust decoupling
controllers were successfully performed on the CH-47 helicopter. Further application
to design of a decoupling output controller for the L-1011 transport was also
accomplished through execution of the EIGENS algorithm. The latter phase of the
research entailed developing geometrical interpretations of the restrictions of choosing

allowable right and left eigenvectors, innovating a new application of eigenstructure
assignment to reconfiguring digital flight controllers, and an application of this new

concept to the F/A-18 tactical aircraft. Let us now turn to developing the necessary

eigenstructure theory for linear dynamic systems for use throughout the thesis.

16

% ; , ,% ,-,, ,,,. .- , .-. • • .. . • . .- .. .. • . a .- •',. - . . . ...... . . .. , . . . .. . .. . -. '.



III. EIGENSTRUCTURE THEORY FOR LINEAR TIME INVARIANTSYSTEMS

A. PRELIMINARIES

1. The Singular Value Decomposition

Matrix and vector notation used throughout this thesis is noted :n

APPENDIX A. The matrix singular value decomposition and the matrix pseudo -
inverse are reviewed below.

Consider a matrix B, where B e' n m . The singular value decomposition

(SVD) of B is defined as [Ref. 22],

U !- VbT (eqn 3.f1

where Ub and VbT are orthogonal matrices of order n and m respectively. The matrix

l is a diagonal matrix of the singular values of the matrix B.

I b = diag(al,a 2 ... ap) (eqn 3.2)

where p is min(n,m).

Additionally, the singular values, oi, are commonly defined in terms of the

spectrum of BBT such that,

Ti(B) = ,/Xi(BBT) (eqn 3.3)

In the arguments which arise in this thesis, the following block form of

equation 3.1 will be used extensively for full rank matrices where n a m.

B = (Ubo Ubl} [ZbJ (eqn 3.4)

where V denotes a null matrix and Zb is defined by

* = b~bT  
(eqn 3.5)
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Since it is assumed that B is of full rank, note that L:b is now a square mxm
matrix where the null blocks of equation 3.2 have been disregarded. In all the
following discussions, Lb will be assumed to be square. The linear space dimensions of

the block matrices are shown below.

Ubo r . nxm (eqn 3.6)

UbI e. Ax(n-m) (eqn 3.7)

Zb E, mm (eqn 3.8)

qD ,(n-m)xm (eqn 3.9)

Note that for non - singular square matrices, Ubl does not exist and equation

3.4 reduces to

B = UbZb = UboZb (eqn 3.10)

Useful identities associated with the matrix singular value decomposition are

noted below.

71> 1 = 0 (eqn 3.11)

where r = rank(B).

(B) ' amax(B) (eqn 3.12)

Crr(B) * %rn(B) (eqn 3.13)

11B1 2 '* o'(B) (eqn 3.14)
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For square matrices, where B e Qnxn, the two norm condition number of the

matrix B, K2(B), is defined as,

K2(B) = a, (B)/a(B) (eqn 3.15)

2. The Matrix Pseudo Inverse

The matrix pseudo inverse, often referred to as the generalized inverse, is

defined in the least squares sense in the following way. For the matrix B e .Rnxm. the

pseudo inverse, B + , is the unique Frobenius-norm solution to,

min 11 BB+ - in 11 F (eqn 3.16)

Additionally, B + satisfies the classic Moore - Penrose conditions,

BB+B B (eqn 3.17)

B+BB+ B+ (eqn 3.18)

(BB+)T - B+B (eqn 3.19)

(B+B)T = B+B (eqn 3.20)

In this thesis, the singular value decomposition will be used to define the

matrix pseudo inverse in the following way [Ref. 31].

B b Vb'bUboT (eqn 3.21)

where,

B+ Rm rxn (eqn 3.22)
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It can be shown that equation 3.22 satisfies the Moore - Penrose conditions.

Proof of equality for equation 3.17 is shown below. Substituting the expression from

equation 3.21 into equation 3.17 yields,

+ V TXV ~lT' T) TBB + B = (UbobVbT bb" I UbT)Ubo5bVbT ) (eqn 3.23)

Since.

VbTVb = Im (eqn 3.24)

and,

Ubo TUbo = Im  (eqn 3.25)

then equation 3.23 reduces to,

BB + B -Ubovb(lm)' b " 1 mYbVbT (eqn 3.26)

or,

.BB+ B - Uboltbb 1  bVbT (eqn 3.27)

Further, since

'.'- Im  (eqn 3.2S)

then one has the final result,

BB + B- UbolfbVbT = B (eqn 3.29)
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B. THE GENERALIZED FEEDBACK EXPRESSION FOR LINEAR TIME

INVARIANT SYSTEMS

Kautsky, Nichols, and Van Dooren [Ref. 21] published the development of an

expression for state feedback gains as an explicit function of a desired closed loop

eigenstructure. The following general derivation follows closely that of Kautsky et.al.

by expanding their results to include the output feedback case. Generalized in this

thesis is interpreted to include output feedba % with the existence of feed forward loops

in the system. Full state Feedback or output feedback without feed forward then

become specific cases of the final expression.
,) Consider the linear AIIA0 system comprised of n states, m inputs, and I outputs

with output feedback,

x = Ax + Bu (eqn 3.30)

v = Cx + Du (eqn 3.31)

u = Fy (eqn 3.32)

The classical eigenvalue placement problem written in vector form arises from

combining equations 3.30, 3.31, and 3.32 in the following fashion. Combining

equations 3.31 and 3.32 yields,

u = FCx + FDu (eqn 3.33)

and rearranging yields.

(Im - FD)u = FCx (eqn 3.34)

Assuming (Im - FD) is not singular one pre multiplies equation 3.34 by (Im -

FD)- yielding,

u - (Im - FD)'IFCx (eqn 3.35)
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Substituting equation 3.35 into equation 3.30, one has

x f Ax + Bt(Im - FD)'FC}x (eqn 3.36)

Upon application of an appropriate similarity transformation, equation 3.36 may

be written in terms of the closed loop system eigenvectors, xi, and eigenvalues. i

[Ret: 21, as follows.

Xix i = Axi + B{(Im - FD)'IFC} xi  (eqn 3.37)

In matrix form, equation 3.37 becomes,

XAX "I = A + B(Im - FD) 1 FC (eqn 3.38)

where A is the diagonal matrix of closed loop eigenvalues and it is implicitly assumed

that the eigenvector matrix, X, is composed of linearly independent columns.

Subtracting A from both sides of equation 3.38 yields.

B(Im - FD)-IFC = XAX"1 - A (eqn 3.39)

Now by exploiting the singular value decompositions of B and C where,

B = Ubo!bVbT = UboZ b (eqn 3.4(0)

and.

SLC= UcVcT= UcoZ c  (eqn 3.41)

equation 3.39 becomes,

UboZb(Im - FD)'IFUCOZc = XAX "1 - A (eqn 3.42)

Appropriate pre and post matrix multiplication of equation 3.42 yields,

(In - F bF zb'lUboT (XAX "1I-A)zc'luCOT  (eqn 3.43)
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and an additional pre matrix multiplication of equation 3.43 by by (Im - FD) results in,

F = (Im - FD)Zb' IUboT(X& X- 1 - A)Z cIU oT  (eqn 3.44)

Let us now define the eigenstructure matrix L, as,

L = XAX'I - Aeqn = -c,

Rearranging equation 3.44 with the substitution of equation 3.45 yields.

F + FD(Zb'IUboLZC'Uco T) = Zb 'UboTLZc l U c o T (eqn 3.46)

Now define 0 as,

Q = ZL-.~ 0 TLZ-l CO T (eqn 3.47

Then equation 3.46 becomes,

F(Im + DQ) = Q (eqn 3.48)

and appropriate post matrix multiplication of 3.48 yields the following general

expression for the least square output feedback gain matrix, F, as a function of a

desired closed loop eigenstructure, XAX 1

F = Q(Im + DQ) "I  (eqn 3.49)

Note that the right hand side of equation 3.49 is a function of the pseudo

inverses of B and CT expressed in equation 3.47 . The feedback gain matrix, F,

therefore is computed based on these least square solutions. As such, F will invoke the

desired closed loop eigenstructure X and A. in the least square sense. For systems

where the number of states, inputs, and outputs are identical, then the solution

becomes exact. As the number of inputs and outputs vary, then the solution becomes

inexact by the nature of the pseudo inverse. This is a numerical interpretation of the

classic restrictions on the desired eigenstructure presented by Srinathkumar [Ref I1I].
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A proof of this result using the matrix equations presented in this thesis is shown in

Appendix B. Equation 3.49 is therefore more correctly termed the least square solution

for the feedback gains, F. It is this solution which was used for the results presented in

this thesis.

Up to this point, no restrictions have been placed on the desired right eigenvector

matrix, X, other than the right eigenvectors must form a linearly independent set.

Additional restrictions on the fight eigenvectors are shown :n the foilowing

development. Rewriting equation 3.39 in block form yields.

[lubo U'b1lZ b (Im - FD) FC = XAX' - A (eqn 3.50)

Pre multiplying both sides of 3.50 by, {Ubo UbI}T one has,

[Zj(IM - FD)- 1FC = -U b]-(XA X, - A) ~ eqn 31. 51)

-VblT

Upon multiplying equation 3.51 by -1, one has the following relationship

resulting from the lower block.

= UblT(A - XAX " 1) (eqn 3.52)

Equation 3.52 is the matrix relationship [Ref. 21] from which the subspace constraint

on each right eigenvector may be obtained. This subspace constraint is repeated

below.

X E NIUbIT(A - Xiln) (eqn 3.53)

where N denotes null space. Equation 3.53 is the only subspace restriction on the

desired linearly independent right eigenvectors for the full state feedback case.

The dimension, d( ), of this particular subspace hereafter referred to as the right

eigenspace, can be defined in the following way. Denoting Ker P as the kernel or null

space and Im P as the image or range space of a mapping operator P; one has the

identity [Ref. 16]

d(X) = d(Ker P) + d(Im P) (eqn 3.54)
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where Im P = PX. In this case, X is the n - dimensional state space spanned by the

linearly independent right eigenvectors. Solving equation 3.54 for d(Ker P), one has,

d(Ker P) = n - d(Im P) (eqn 3.55)

Since d(Im P) is also defined as the rank of P, one may rewrite equation 3.55 as.

d(Ker P) = n - rank(P) (eqn 3.56)

Substituting the right eigenspace operator for P now results in a definition for the

dimension of the right eigenspace,

d(Ker in)}) = n - rankUblT(A - Xiln)} (eqn 3.56)

and since,

rank{UblT(A - kiln)} = n - m (eqn 3.58)

for full rank control (rank(B) = m) matrices, one has the following result,

d(N{Ubl T(A - kiln )}) = m (eqn 3.59)

where Ker has been replaced with the original notation for the null space operator, N.

Therefore, the allowable right eigenvector xi, must be a member of an m
dimensional null subspace defined by equation 3.53 . Note further that for a rank
degenerate control matrix, B, the subspace likewise becomes dimensionally degenerate.

It will now be shown that in the presence of output feedback, an additional
restriction of the left eigenvectors results from a similar analysis. In order to show this

additional restriction, let us initially assume the feed forward matrix, D to be identically
null which is the case of output feedback without the addition of transmission or
blocking zeroes. There is no loss of generality with this assumption. In this case,
equation 3.48 reduces to,

F= Q = Zb'IUNTLZ "1 U COT (eqn 3.60)
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and substituting the expression for L yields,

F - ZbuIT(XAX'I - A) Z,'IUoT (eqn 3.61)

with the constraint that each right eigenvector is a member of a specific null space as

expressed by equation 3.53.

Pausing briefly, notc that if one assumed all the states were available for

feedback. where the output matrix, C. becomes In' equation 3.oi reduces to tne

expression shown previously [Ref. 211,

F = Zb'ltbor(XAX 1 - A) (eqn 3.62)

Comparing equations 3.62. 3.61. and 3.4S. one notes the increased cost in

computing F when proceeding from full state feedback to output feedback with feed
forward control.

Let us now return to analyzing the impact of output feedback on the left

eigenvectors by transposing equation 3.38 with D identically null.

-cTFTBT = AT - xTATXT (eqn 3.63)

Factorization of CT via singular value decomposition yields.

" 1 , c]FTBT - AT X ' TATXT (eqn 364)"['to1ctl]Lctvct]-. .(q ..1

Pre matrix multiplication of equation 3.63 by (U Uc T yields,

~cto %tl}yels

ct Vct FB cto (A  TA XT) (eqn 3.65)

[ct~cjFTBT UT(A
L ¢) J LLct IT

and from the lower block of equation 3.65,

4D(FTB T ) = - LctlT(AT .-'TATx T) (eqn 3.66)
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Now using the following definition [Ref. 221 of the left eigenvector matrix, T,

T X °T (eqn 3.67)

equation 3.66 becomes,

D UctiT(AT _ TATT-I) (eqn 3.68)

and since.

A = AT (eqn 3.69)

the final matrix expression for equation equation 3.66 becomes,

(D = UctIT(AT -TAT- l ) (eqn 3.70)

Post multiplying equation 3.70 by T yields,

M Uct T (AT T - TA) (eqn 3.71)

and in vector form,

(0) = UctlT(AT - Xiln)ti (eqn 3.72)

and hence for the output feedback case, the ith left eigenvector must be a member of

the following null space,

ti e N{UctlT(AT. x il) (eqn 3.73)

It can be similarly shown that the dimension of this space, defined as the left

eigenspace, is,

d(N(Uct T {A T " xj})} 1 (eqn 3.74)

when the output matrix C is full rank.
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To summarize for the output feedback case without feed forward control, the

feedback gain matrix, F, is explicitly defined by equation 3.61 with equations 3.53 and

3.73 placing constraints on the right and left eigenvectors respectively. Additionally

note that for the full state feedback case where C = In, there is no restriction on the

left eigenvector, t. since U does not exist and any left vector would satisfy equation

3.71 . Similarly note that for the full state feedback case where rank(B) is n. or for the

system with n inputs, there is also no subspace constraint on the right eigenvector.

Therefore for the full state feedback case where m = n, one can choose any n linearly

independent set of closed loop right eigenvectors for the desired closed loop modal

structure.

One now has at their disposal, constrained explicit expressions for calculating

static feedback gains which invoke a desired closed loop eigenstructure in the least

square sense. Table 1 summarizes the expressions for the feedback gains along with

appropriate eigenvector constraints for each feedback scheme.

TABLE I

FEEDBACK EXPRESSIONS AND EIGENVECTOR CONSTRAINTS

Full State Feedback

Fsf = Zb'IUboT (XAX "1 - A)

xi e N{UblT(A - Xiln)}

Output Feedback without Feedforward Control Loop

Fof = Zb-IUboT(XAX I - A)ZcIUco T

xi r N{UblT(A - Xiln) }

t i E N(UctlT(AT - XiIn)}

Output Feedback with Feedforward Control Loop

Foff = Fof(Im + DFof) "1

xi N {UblT(A - Xiln)}
ti N(Ucti T(AT -i
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As a preface to the ensuing discussion, let us examine the numerical and linear

space definitions of the term null space. Null space membership, as previously defined

by equation 3.52 for example, will not be exactly satisfied due to finite precision
arithmetic and system modelling uncertainty. Defining a null vector as E and a null

matrix as E, where

[]V[]2 < < 1 (eqn 3.75)

(6I(E) < < 1 (eqn 3.76)

allows one to more clearly define numerical null space membership. Therefore, let us

account for computational precision by defining the right and left null vectors, Cri and
ch as follows.

Cri = UblT(A - kiln) xi (eqn 3.77)

=Ci = UctlT(AT - Xil) ti  (eqn 3.78)

Further, assume these vectors span respective right and left null spaces,

Er- {Crl Cr2 Crn} (eqn 3.79)

El= {IC/ '12 "ln} (eqn 3.80)

where,

Er c ,n-rank(B) (eqn 3.81)

'-T

Ec a g n'rank(C  (eqn 3.82)
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Finally note that for full rank B and CT matrices, the dimensions of the right and

left null spaces are therefore,

d(Er) = n- m = p (eqn 3.83)

d(E) = n - = q (eqn 3.84)

These dimensional definitions are used in the following discussion to more clearly

define the algebraic constraints on the allowable eigenstructure. Let us now continue

with such a discussion.

C. RIGHT AND LEFT EIGENSPACE: A GEOMETRIC INTERPRETATION

The algebraic subspace constraints noted previously can be difficult to envision

for large order systems. In addition, the added restrictions on the allowable right

and/or left eigenvectors as one progresses from the full state feedback - full rank

control matrix system to a constrained output feedback - rank degenerate control or

output case has intuitive geometrical properties. It is the geometrical implications

imposed by the algebraic constraints which motivate, in part, the following geometrical

analysis.

The lattice diagram [Ref. 16] has proved to be a useful device to depict

geometrical relationships between linear vector spaces. The following geometrical

relationships are implied by Figure 3.1.

ErP c am cXn (eqn 3.85)

d(ErP) < d(Rm) < d(Xn) (eqn 3.86)

where the symbol c denotes subspace. Equation 3.S6 states formally that the

dimension of ,Am is less than the dimension of Xn and the dimension of ErP is less

than that of m .
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Let us now assume, that X n represents the state space of a controllable linear

time invariant system such that,

Xn = Al m + R2m + .. .nm (eqn3.87 )

As there are non-unique state variable representations for a linear time invariant

system, there may be several linearly independent eigenvector sets which are abie to

span the state space. However if a vector is chosen f-rom each of the rn-dimensional

spaces Ri m to form spanning sets, one has selected particular eigenvectors which are

associated with particular eigenvalues. It is this selection process which will be invoked

by the feedback gain equations of Table I.

Assume further that for each subspace, Aim, there exists a mapping operator,

N ri, which maps a vector from Ri m into &rip , a numerical null vector.

Crip = NriXi (eqn 3.88)

Further assume that any p of these null vectors span a right null space, ErP,

where,

EP ( {rlp p ... f:n P (eqn 3.89)

rErl r2. rn

where equation 3.89 has included all n right null vectors.

The subsequent lattice diagram, denoted as the Right State Space Lattice is

shown in Figure 3.2.

Clearly, Nri can be taken to be the right null space operator defined previously

as,

Nri = UblT(A - .iln) (eqn 3.90)

and Figure 3.2 geometrically depicts the right eigenspace constraints posed by state

feedback. The dual or left state space lattice is similarly constructed and is shown in

Figure 3.3.

The final tool in constructing the total lattice diagram is to geometrically link the

relationship between Figures 3.2 and 3.3. Let us define an operator P, such that,
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P - x'Tx I  (eqn 3.91)

Therefore, P maps the right eigenvector matrix, X, into the left eigenvector

matrix, T, as follows,

T = PX-- X'Tx'lx (eqn 3.92)

and one may now map the allowable n right eigenvectors into their dual left

eigenvector space.

Likewise, we desire to develop an operator which will map the right null vectors

represented by equation 3.89 into their dual left null space vectors represented by El.

For each ith null vector, one would then have,

Jirri = ':Ii (eqn 3.93)

In terms of the ith right and left eigenvector, equation 3.93 becomes,

JiNrixi = N/iti (eqn 3.94)

Let us now define a vector si as the ith column of the In identity matrix. One

may therefore irite an expression for ti as follows,

t i = Ts i  (eqn 3.95)

Substituting the expression for T from equation 3.92 yields,

t i = PXsi = Pxi  (eqn 3.96)

and therefore equation 3.94 becomes,

JiNrixi = N=iPxi  (eqn 3.97)

Solving for Ji yields,

ii (NiiPxiXNrixi)+ (eqn 3.98)
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In order to verify that equation 3.98 is correct, one must show that Ji indeed

maps Cri into C.

Performing the mapping yields,

(NhPxi)(Nrixi) + (Nrixi) (eqn 3.99)

Noting that (Nrixi) (Nrixi) is equal to scalar unity 1.0), then the mapping of

equation 3.99 vieids.

NiPxi(l) = Cri (eqn 3.100)

and Ji maps cri into cf. In this way, one may map the 'n' Cri null vectors into the

respective 'n' left null vectors, cli. One may now depict the total space lattice diagram

shown in Figure 3.4..

The geometrical constraints on the allowable right and left eigenvectors shown in

Figure 3.4 can be characterized as follows. The dimensions of the right and left null

spaces, Er and El are directly related to the rank of the null space operators Nr and

N I. For example, as the rank of Nr decreases, the dimension of Er decreases. Since

the right eigenvector xi must be mapped into Er by Nri, the mapping becomes more

geometrically restrictive. In this way, an increasing geometric constraint is placed on

the right eigenvector xi. The dual is true for the left eigenvector ti. One may state the

geometrical constraints in the following way.

Lemma 3.1: The expressions of Table I explicitly define static feedback

gains which will invoke a closed loop right eigenstructure, XAX "' iff the

right eigenvectors, xi , which reside in Ri m map into the right null space Er

via the respective null space operator Nri. The dual vectors, ti must

likewise reside in Lil and map into El via Ni.

" The concept of right and left null spaces comes about when one numerically

converges on an allowable eigenvector by allowing the vector to rotate until the

respective null vector, c, becomes small. In this way one numerically converges on

eigenvectors which are members of R m or Ri I by minimizing a norm of cr or 1. This

solution technique was used in this thesis and provided the prime motivation for these

geometrical discussions. Figure 3.4 has set the stage for geometrical analysis of all the
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feedback cases to be presented. Let us begin with the state feedback case as it is the

" least restrictive with respect to allowable eigenstructure.

Case I: Full State Feedback (m = n)

In this case the diagram reduces to a single node for each eigenspace. There are
no restrictions on the desired vectors other than linear independence and the feedback

gains which will invoke such a closed loop structure are computed via equation 3.62.

Case I: Fuil State Feedback m < n)

For this case, one has an initial restriction on the right eigenvectors but none on the

left. Therefore the total lattice diagram consists of Figure 3.5 with subspace inclusions
for the right eigenspace. Note the dimension of ErP defined previously by equation

3.83 . By comparing Figures 3.5 and 3.6, one notes the first level of restriction with

regard to the allowable closed loop eigenstructure.

Case III: Output Feedback (m = n, I = n)

Case III is geometrically identical to Case I. The only restrictions are that the

desired closed loop right and left eigenvectors form a bi-orthogonal set. Figure 3.5

depicts the appropriate geometry.

Case IV- Output Feedback (m = n. 1< n)

For this case, the restrictions lie only with the left eigenvectors. The lattice

diagram is the dual of Figure 3.6 and is is shown in Figure 3.7.

This concludes the decoupled constraint cases and exemplifies the ease of

solution for the gain matrix which will invoke desired closed loop eigenstructures. The

coupled cases arise for systems employing output feedback where both the number of

inputs and observations are less than the order of the state space.

Case V: Output Feedback (m < n. I < n. m 1)

The lattice diagram for this case is constructed by linking Figures 3.6 and 3.7
with the mapping operator P and is depicted in Figure 3.8. Note from equations 3.83

and 3.84 that,

d(Er) = d(E1) (eqn 3.101)

and therefore, the null spaces are equidimensional.

Case VI: Output Feedback (m < n, 1 < n, m <i)

The lattice diagram of Figure 3.8 remains for the remaining cases. The subtle

distinction between Cases V and Case VI however, is that the dimensions of the left

and right null space are not identical. For this case,
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d(Er) > d(E) (eqn 3.102)

which implies geometrically that the right eigenspace constraint is more easily satisfied

due to the higher dimension of the right null space.

Case VII: Output Feedback (m < n, I < n, I < m)

Case VII is the dual of Case VI, since

d(E l) > d(Er) (eqn 3.103)

Equation 3.103 implies that the left eigenspace constraints are more easily satisfied

than those of the right eigenspace due to the higher dimension of the left null space.

This of course is the dual of Case VI in that the major computational expense will

involve converging on allowable right eigenvector sets. Cases VI and VII are clearly

computationally more difficult to solve than the previous cases. The quantitative

interplay between the right and left eigenvector sets as functions of the open loop
parameters remains to be clearly formulated. The attempt here was to show the

qualitative interdependency by analyzing what was found to be true during the course

of the research. It will be shown later in this thesis using two specific examples of
Case VI. that the qualitative interpretations noted above are correct.

This concludes the theoretical treatment of eigenstructure assignment as
presented in this thesis. Prior to discussing some applications of the theory, let us

reexamine equations 3.77 and 3.78 As noted previously, null space membership of the

desired closed loop eigenvectors has been the central theme in much of the recent

discussion. One must, therefore, numerically devise a scheme which guarantees such

membership. In that the term null space implies convergence to a zero measure, a

candidate for such a scheme would clearly involve a minimization. Minimizing a norm
of the right null vector cri or left null vector Eli for example, would guarantee such

convergence. The mechanics of such a minimization is the topic of the final chapter
prior to presenting results of applying eigenstructure assignment to some existing

control problems.

,.9
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Figure 3.1 Basic Lattice Diagram.
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Figure 3.5 Case 1: Full State Feedback (m n) Lattice Diagram.
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441

-4,

I



n n
x T

NL L2Ln

1IN n

" E

Figure 3.7 Case IV: Output Feedback (m =n, I < n) Lattice Diagram.

42



2 nn

N Nr

Nr N1 nn

2 10

Figure 3.8 Case V: Output Feedback (m < nI < n,m 1 ) Lattice Diagram.

43



IV. NUMERICAL OPTIMIZATION

A. THE AUTOMATIC DESIGN SYNTHESIS (ADS) PROGRAM

The use of numerical optimization techniques as an engineering design tool has
matured with the advent of ~igher speed digital computers. In tandem with this

growth has come the development of algorithms and design strategies [Ref. 321

available for a wide variety of particular design tasks. Several numerical optimization

techniques and strategies are resident [Ref. 33] in compiled Fortran code for use at the

Naval Postgraduate School. In effect, the Automatic Design Synthesis code can be

used as a black box optimizer for a wide spectrum of disciplines. It is not the purpose

here to discuss in detail all the numerical algorithms available through the ADS code,

but only to describe the general design philosophy of the optimizer and to overview the

particular strategies employed during the course of the thesis research.

A general purpose code, ADS contains algorithms which are able to solve the

following general n-variable constrained minimization problem.

Minimize: F(X)

Subject to:

gj(X) < 0 , j = l,m inequality constraints

hk(X) = 0, k 1,1 equality constraints

xil xi xi u , i = l,n side constraints
where X - {x x ... (xT is a design variable vector.

Convergence to a minimum value of the function F(X) without violation of the

constraint criterion in accomplished via the following iterative scheme,

xq + 1 = xq + a q*S q + I (eqn 4.1)

where,

q - iteration number

sq search direction vector

u q - scalar weight applied to the search direction
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The user is afforded flexibility of further tailoring the optimization scheme by

being able to designate any of the following three components of the ADS

optimization algorithm;

a. Optimization strateies such as Sequential Unconstrained MinimizationT~echniques (SLMyor.Augmented Lagrange Multiplier Methods which allow
the user to reformulate the objective function, F(X),

b. Search Direction computation methods such as conjugate and variable metric
first order methods which compute S" and.

c. One dimensional search options <uch as Goiden Section or polvnomuai
interpolation methods which determne the magnitude of change in ,he design
variable during the minimization.

As the ADS is designed to fulfill the general needs of a spectrum of engineering

disciplines, the level of user sophistication beyond correct interpretation of the cailing

arguments is not necessary. However, as is the case of using any library type code, one

must correctly formulate the objective function and clearly interpret the iterative results

of the ADS code. Due to the general nature of the objective function, this last

statement becomes increasingly important when little is known of the order or

continuity of the function in the region of interest. Two types of constrained

minimization problems were formulated for use during the research. Problem I was a

constrained minimization problem with side constraints only and Problem II was a

constrained minimization with inequality and side constraints. Let us discuss the

strategies used for each of these two problems.

Problem I

A constrained minimization problem with side constraints may be posed as an

unconstrained minimization problem. By specifying bounds on the design variables

within a specified region during the course of an unconstrained minimization, one

* implicitly invokes the side constr:-nts. The most efficient search direction method for

Problem I was found to be the Broyden-Fletcher-Shanno-Goldfarb (BFGS) variable

metric method. This is a first order method in which the gradient information is

computed by ADS via finite difference calculations. Often called a quasi-Newton

method, the BFGS method computes the search direction, sq, as follows,

sq _ -HVF(Xq) (eqn -4.2)

where VF(Xq) is the ADS computed finite difference gradient at the qth step and It is

an iteratively computed matrix which orients the search direction. Initially (q= I) II is
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the identity matrix and therefore the initial search direction is in the direction of

steepest descent. H is then updated after each iteration in the following way.

Hq+1 = Hq + D (eqn 4.3)

where D is a symmetric matrix defined as,

Dq = (G+t)ppT, a2 + {HqvpT + p(Hqv)T},. (eqn 4.4)

The vectors p and y are defined by,

p = xq - Xq-l

y = VF(Xq). 7F(Xq' l )

and Y and - are scalar vector products formed as follows.

= yT Hq y

The one dimensional search routine used was the Golden Section method. As
this method is a one-variable algorithm, the single "variable" for our purposes is the
vector, xi or ti. The advantages of the method include no requirement for F(X) to

have continuous derivatives and in addition the Golden Section has a known rate of

convergence. Among the disadvantages which impacts our purposes is that the Golden

Section assumes the objective function to be unimodal, or to have one minimum in the

region of search. If one has an objective function which for example has several local

minima, several solutions may exist depending on the bounds set on the design

variables. As will be shown subsequently, the minimization of the null vectors, Cri and
cli was performed using the Problem I formulation.

Problem II

If one recasts the inequality constraint as a penalty function, P(X), where,

P(X) = (max(O,gj(X))} 2  , j = 1,n (eqn 4.5)

then one may also pose Problem II as an unconstrained minimization problem in the

following way [Ref. 32]. By formiig a pseudo-objective function, ((Xrp),
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'D(X,rp) = F(X) + rpP(X) (eqn 4.6)

and by again bounding the design variables, one now has a Sequential Unconstrained

Minimization problem (SUMT) with an exterior penalty function, P(X). In equation

4.6, rp is a scalar weighting applied to the penalty P(X).

Equation 4.6 is the formulation used in this thesis for such a minimization. The

search direction used for Problem II was the Fletcher-Reeves 'FR) conjugate method.

Like the BFGS method, the FR is a tirst-order method which is an improved steepest

'e descent algorithm. The search direction, sq for this method is defined as,

sq - VF(Xq) + 3qSq "1  (eqn 4.7)

where.

-' '1q = IVF(Xq),12VF(xq'l1) 2  (eqn 4.8)

As in Problem I, the Golden Section method was used for the one-dimensional search

routine. Problems I and II were the ADS minimization strategies used during this

research. They will subsequently be referred to as such.

B. THE NUMERICAL OPTIMIZATION PROBLEM

The fundamental expressions for feedback gains noted in Table 1 involve

eigenvector constraints written in terms of null space membership. Further, when these

null space constraints are expressed numerically, they take the form of equations 3.77

and 3.78 . The numerical objective than becomes one of minimizing some measure of

the right and or left null vector which satisfies such a numerical null space membership.

For the right eigenvector, one might write such a numerical objective as an objective

function expressed in terms of a euclidean distance measure,

F(X) = IILbIT(A - .iln)xiII2 = JIEriII2 (eqn 4.9)

where IIcriiI2 is the euclidean distance between the allowable subspace defined by the

desired closed loop eigenvalue, Xi , and the desired right eigenvector, xi . As the system

is time invariant, the design freedom, or variables, would be all (unconstrained
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minimization) or some (constrained minimization) of the right eigenvector elements

and not the open loop parameters.

1. State Feedback Controller Synthesis

For purposes of illustration, let us assume one is synthesizing a state feedback

regulator where there are n = four states and m = two inputs. Further, one desires the

following closed loop eigenvector, xi, to be associated with the closed loop eigenvalue.
Ak..

xi =x 1 0 x3 0 1T (eqn 4.10)

where xI and x3 are unconstrained and may take on any numerical value. The

constrained values, noted by the zeroes in elements two and four, are desired, for

example. in order to satisfy a decoupling specification. Mathematically. this is a

constrained minimization problem and may be stated in the following way,

Minimize: F(xi)
where,

Fix i) = IlUblT( A Xi n)(Xi) 112 = I1fri112

Subject to:

X2 = 0

X4=0

For real Xi, this is a four variable constrained minimization problem with two

side constraints. By bounding the design space (x, = x4 = 0), this becomes a Problem
I formulation. In terms of real cost, this particular synthesis problem would entail 'n'

such Problem I minimizations before a feedback solution is computed. The side

constraints may also differ from vector to vector. Note further that for systems with

complex eigenvalues, the computational cost would decrease since one may employ the

necessary conjugate condition for the associated complex eigenvector. At this point.

the minimization problem can be executed, the resulting eigenvectors are checked for

independence, and the feedback controller can be synthesised. A robust decoupling

controller for the CH-47 helicopter was synthesised by this method. Results will be

shown in Chapter VI.
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2. Output Feedback Controller Synthesis
Let us now assume we must synthesize an output feedback controller with

four states, two inputs, and I = 3 outputs. Computational cost is increased by the

output feedback requirement since in addition to the right eigenvector constrained
minimization problem, one of course must also satisfy the left eigenvector constraint.

One may pose this synthesis problem in a variety of ways. The following scheme was

successfully formulated during the research reported in this thesis.
a. Converge on "n' right eigenvectors by solving 'n' Problem I minimizations.

b. Compute the following right residual sum.

RESr = Yl11ri12 , i = l.,n (eqn 4.11)

c. Compute the corresponding left eigenvectors. ti, by the identity.

T = X"T (eqn 4.12)

d. Compute the 'n' left null vectors, cll via equation 3.78 and compute the
. following left residual sum,

RES/ = D :C/il[2 , i = l,n (eqn 4.13)

e. Convergence criteria is now tested as the sum of the right and left residual
sums,

R(X,T) = (IlcriII2 + 1lc li ll2} - p (eqn 4.14)

Since the right residual sum is satisfied initially, the left residual sum will likely

be out of toleranc- The design freedom here is to allow the right eigenvectors to vary

in order to satisfy the left residual. Convergence is then obtained by returning to Step

B.2.b. subsequent to allowing the right eigenvector elements to change so as to

dminimize the left residual sum. in this way R(X,T) will be at or below a specified
tolerance p. This method is termed the indirect method since the left eigenvector
constraints are being satisfied by allowing the corresponding right eigenvectors to

change their orientation.
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One may state the output feedback constrained minimization via the indirect

method as a Problem I formulation as follows.

Minimize: R(X,T)

where,

R(X.T) = ,' Wr11'ri[2 + WlllEIl[j2}

Subject to:

Xlower 5 xij - Xupper

where,

X - Right Eigenvector Matrix

T - Left Eigenvector Matrix

WrW/ = Scalar weighting applied to the residual sums

The indirect method for the output feedback case can become computationally

inefficient for systems of high order. For example, a tenth order system with complex

eigenstructure will contain twenty design variables per closed loop eigenvalue and

require a tenth order complex matrix inversion during each execution of step B.2.c.

Hence for large order systems, the output feedback synthesis scheme is modified in the

following way. Steps B.2.a. - B.2.d. remain the same however step B.2.e. becomes a

left eigenvector minimization problem in the form of Problem I.

Minimize: G(ti)

where,

G(ti) = IIUctT(A T . )iln)(ti) 112

Subject to:

tlower < tij tupper

Upon convergence to an allowable ti, the right null vectors are then computed

to check if the right eigenvectors have been oriented out of the allowable right

eigenspace. After several such iterations, one begins to adaptively learn the behaviour

of the system and through interactive computer execution, one will converge on a final

solution. This technique was successfully performed on an F/A- 18 dynamic model.

Note that an advantage of the indirect method is that one can exercise control

on the bounds of the design variables through the scalar weightings Wr and W, and

therefore exercise some limits on the orientation matching.
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3. A Robust State Feedback Controller Synthesis

For multi-variable control systems, the minimum singular value of the return

difference matrix [Ref. 34] can be used as a robustness criterion,

am(Im + FG) > a (eqn 4.15)

where G = C(sl - A)AIB. Ifa = 1. then the feedback gains. F. in equation -. 15 may

be considered quasi-optimai since - I :b21or optima[ state feedback controilers when

the input weighting matrix is the identity matrix [Ref. 351. By subtracting a from both

sides of equation 4.15. one formulates a new objective function K(X), where,

K(X) = am(Im + FG) - a (eqn 4.16)

Substituting the state Feedback expression for F from Table I yields

K(X) = a m'm - Zb'IUbo T (XAXX1 - A)G} - a (eqn 4.171

Successful minimization of K(X) with the constraints (g-) that each desired

right eigenvector be a member of the allowable subspace invoked by the desired closed

loop eigenvalue will result in a robust quasi-optimal state feedback controller. The

uniqueness of this formulation is that one can numerically synthesize an optimal state

feedback controller with eigenstructure specification. This technique successfully

designed a quasi-optimal decoupling controller for the CH-47 and will also be

presented in Chapter VI.

4. Feedback Controller Synthesis via Eigenvalue Shifting

In B.l and B.2 above, the design variables are the eigenvector elements as the

closed loop eigenvalue remains Fixed. One may recast the objective function by

allowing the eigenvalue, Xi to assume the role as the design variable while maintaining

the eigenvector elements fixed. In this way, the feedback synthesis via eigenvalue

shifting takes the form of the following minimization problem.

Minimize H(Xi)

where,
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H(Xi) = IIUMlT(A - Xiln)(xi)1I2

Subject to:

real lower bound < Real(Ki) 5 real upper bound

imag lower bound < Imag(Xi) -< imag upper bound

This is of course a Problem I minimization with only -wo design variables ner

each of the "n' iterations. An advantage of this method is clearly one o" computational

cost. A disadvantage is that one might sacrifice modal damping and natural frequency

at the expense of maintaining a desired eigenvector structure.

This concludes the framework for eigenstructure analysis and synthesis via

specific numerical optimization strategies. Let us now turn to a discusssion of the

algorithm which formulates the theory presented in Chapters III and IV.
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V. EIGENS: AN INTERACTIVE DESIGN ALGORITHM

A. DESIGN PHILOSOPHY

The EIGENS program is an interactive Fortran algorithm designed for complex
eigenstructure synthesis of systems up to tenth order. The tenth order limitation is

easily modified for systems of higher order by increasing the array sizes for all matrices

in the program. Throughout the development of the program, interactive coding was
used extensively not only for on line debugging but also due to the iterative nature of

numerical optimization. In addition, by the very nature of eigenstructure assignment,
user familiarity with the system structure and subsequent interaction is a necessary

ingredient for a converged solution of feedback gains.

In that the program developed as a research-learning program over the period of
the thesis research, some of the earlier synthesis routines such as the Moore-Matrix and

M1oore-Algebraic solutions, were never used for the results presented in this thesis.
They were written early on to gain an understanding of the classical results presented

by Moore [Ref 10] and were never exercised subsequent to coding the theory presented

in Chapter III. All of the results presented in this thesis were computed based on the

theory of Chapter III.

The basic input data beyond the necessary open loop parameters include a
desired closed loop eigenstructure. User verification of this data is by means of visual
display of the data. A verification data file is also written for future reference by the
user. Controllability checks of the open loop eigenvalues are then displayed to the

user. Beyond these checks, the program relys on the user for guidance during the

numerical synthesis portion. Some examples of the guidance needed are:

1. Upper and lower bounds on the arbitrary and specified right eigenvector
elements or eigenvalues (Problem I minimizaion),

2. Acceptance of the closed loop design based on the null space residuals,
3. Number of iterations and values for p (Problem II minimization).

Thus the user becomes a required feedback loop in the synthesis process. This is

the basic philosophy of the EIGENS code. The user becomes more familiar with the
system as time progresses and subsequently becomes expert in the final structure of the

closed loop design. A description of the major routines of EIGENS follows.
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B. PROGRAM DESCRIPTION

As alluded to in previous section, there are two basic feedback gain solution

procedures coded in the program. The Mloore-Aflatrix/Aloore-Algebraic solutions are

limited to real systems where the number of outputs are greater than the number of

inputs (I> m). The Kautsky solution entails the theory presented in Chapter 111 and is
only limited by the tenth order requirement. Therefore. during the course of the

subsequent discussion, when ref'erence is made to the Moore solution. it wil be brief,

A note with regard to the Moore solutions must be made. For the solutions.

EIGENS requires the desired closed loop right eigenvectors to be input in the following

*form.

v. = Cx. (eqn 5.1)

where C is the output matrix and x is the desired closed loop right eigenvector.

(Presently v. must be input irrespective of* using the Moore or Kautsky solutions).

Upon completion of the Moore routines, the subsequent closed loop eigenvectors are

then checked for linear independence. If the vectors are not independent, the user is

queried as to new values of vi in equation 5.1 for reentry into the Moore routines.

Upon converging on an independent set of right eigenvectors. f edback gains, F, are

then computed. The reader is referred to [Ref. 101 for the details of this procedure.

The EIGENS Fortran listing is shown as Appendix C. Figure 5.1 depicts the
general flowchart for the EIGENS code and the reader is referred to Appendix C for

detailed analysis. In the discussion which follows, only the main program and those

subroutines which perform the feedback gain computations are described. Auxiliary
subroutines which perform such computations as complex singular value

decomposition (CSVD), complex matrix multiplication (CMAMTL), etc., will not be

discussed in detail. These auxiliary programs are masked to the user and are only

required for the execution of EIGENS. A description of the flowchart blocks is

discussed below. Notation for the number of states, inputs, and outputs is N. M. and

L respectively.

1. Ujfon completion of initializations, the data is read from File 01 as follows.
(The format statement numbers are designated by 'xx' for ease of description
and the read format is shown adjacent to each read statement statement).

READ(I,xx)TITLE (20A4)

READ(I,xx)N,M,L,I FEED (412)
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IFEED = I (State Feedback)

IFEED = 2 (Output Feedback)

I FEED = 3 (Output Feedback w/Feedfwd)

READ(1,xxX(A(1,J),J = I,N)j = 1,N) (6F 12.5)

READ( 1,xx)((B(I.J),J = 1,M),I = 1,N') (6F12.5)

READ(1,xx)((C(I,J),J = I,N),I = 1L) (6F12.5)

If IFEED = 1 or 2 SKIP TO READ EIGD

READ( 1,xx)((D(I,J),J = l,.M),1 = 1,L) (6F12.5)

READ(1,xx)EIGD(I) (Desired C-Loop ki) (2F12.5)

READ(1,xx)E(JI) (Desired Cxi) (2Fl2.5)
" READ(1,xx)VD(J,I) (Desired xi) (2F12.5)

2. The data is then displayed to the user for input verification.

3. After computing the open loop eigenvalues the controllability of each k. is then
computed and displayed by a cbntrollabilitv flag. If the controllabilitv flag
equals one, then tie .6pen lbop eigenvalue can be-shifted via state feedback. IT
the flag equals zero, then the oen loop eigenvalue is invariant under state
teedback. in this case the eigenvalue cannot 65e shifted.

4. Subsequent to .the controllability computations, the user is then allowed to
change the desired closed loop eigenstructure only if the Moore solutions are
going to be invoked. The user diust change Filre 01 to input a new desired
closed loop eigenstructure if the Kaustky solkition is to be used.

5. Select feedback gain solutions (Moore or Kautsky).

6. Display results.

As the Kautsky solution was used for the results presented here, this subroutine
will be discussed in detail. As a final discussion of the Moore solutions, note that in

Figure 5.1 these solutions are complete when the resulting right eigenvectors are

linearly independent. The resulting feedback gains are then computed, the user is
queried as to the necessity of a singular value analysis of the return difference matrix,

and the final design results are displayed. Let us now turn to the Kautsky solution
which is coded within the KVECT subroutine.

C. SUBROUTINE KVECT

Figure 5.2 depicts the flowchart for KVECT. Subsequent to initializations, the
SVD of B is performed and the necessary block matrices are computed. The
subroutine then performs 'n' Problem I minimizations to construct the allowable right

eigenvector set nearest to the desired modal set. The user then has the option of

minimizing Gm(I + FG) (Problem II minimization) for the full state feedback case
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only. If output feedback synthesis is required (IFEED = 2 or 3) and the rank of C is

less than 'n', KVECT then calls FEEDEF for further computations. Upon completion

of feedback gain computations, the code returns to the main program for display of

results and any further processing the user might desire.

D. SUBROUTINE FEEDEF

Figure 5.3 denicts the flow for the FEEDEF subroutine. Note that the user has

access to the Problem II minimization process via designation of the scalar weightings

Wr and W1. Upon completion of the tminimization and feedback gain calculations, the

program returns to KVECT.
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Figure 5.1 EIGENS General Flowchart.
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CALL ADS FOR PROBLEM II MINIMIZATION t

, l RETURN TO K,'ECTI

Figure 5.3 Subroutine FEEDEF.
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VI. MIMO CONTROLLER DESIGN DEMONSTRATIONS

A. A ROBUST DECOUPLING STATE FEEDBACK CONTROLLER

The lateral dynamics of the CH-47 helicopter [Ref 361 have the following state
variable representation.

x = Ax + Bu (eqn 6.1)

y = Cx (eqn 6.2)

where the state vector is defined as,

x = {v p r p)T (eqn 6.3)

and the units of the vector elements are,

x, = v = y velocity (ft/sec)

x- = p = roll rate (rad/sec)

3 = r = yaw rate (radisec)

x4 = p= bank angle (rad)

The system matrices are shown in Table 2.

Lateral stability augmentation (LSA) to a roll command input, 5, is accomplished
via state feedback with feedforward as follows,

u = Fx + G 26 (eqn 6.4)

where,

= (Pr pp)T (eqn 6.5)
.6

.
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TABLE 2

CH-47 LATERAL DYNAMICS MODEL

A B C

-2.27 -1.4? -0.15 31.99 0.12 0.95 1 0 0 0
0.01 -0.70 -0.07 00.00 0.04 -8.37 0 1 ) 0
0.04 -0.05 -0.05 00.00 0.34 ).2 I
0.00 L.O0 0. 11 00.00 U)0 0.00 ,) ) 0 1

and,
Pr = yaw rate rotor deflection control

p= roll rate rotor deflection control

G, is the fourth column of the state feedback matrix, F.

2 = {F(1,4) F(2,4)}T (eqn 6.6)

In that feedforward control has no influence on the resulting closed loop

eigenvalues, there exist several alternatives with regard to choosing an acceptable form

for G2 . As the system zeroes are invariant under state feedback, an acceptable form

might be one which allows flexibility in invoking specific dynamic and static error

responses to the system [Ref. 37]. No modification to G was performed for this

example.

The design requirements for the state feedback controller are:

a. Improve the performance and robustness of the system with respect to
uncertainties at the plant input and,

b. Shift the open loop eigenvalues from,

AOL = diag(-2.098 -1.079 0.207 -0.050} (eqn 6.7)

to the following closed loop eigenvalues,

ACL - diag{-25.120 -12.510 -9.652 -2.125} (eqn 6.8)

61

N.



Improvement of the performance and robustness can be based on several

measures [Ref. 38]. For the purpose of this example, increasing the minimum singular

value of the return difference matrix, am{Im + FG(jo)}for o: < 50.0 radians was used

as a robustness criterion. G is the transfer function matrix between the input u and

output y, C(jOln - A)IB. In the discussions below, the term MIMO robustness is

synonymous with the arm(Im + FG) defined above.

Sandeii [Re. 361 et. al. presented three different feedback gain solutions which

successfully invoked the "CL above. Two of the three lacked MIMO robustness since

(m of the return difference matrix had values of as low as 0.3. This is a prime example

of the non uniqueness of solutions for F when implementing a pole placement

algorithm for MIMO systems. In other words, a particular set of feedback gains, F,

will invoke a specific robustness measure while simultaneously shifting the eigenvalues.

Gordon [Ref. 8] exploited this non uniqueness using numerical optimization techniques

and designed robust feedback controllers which simultaneously shifted the eigenvalues

and set am(Im -4- FG) greater than or equal to 0.6. Another way of improving the

robustness of the system is by designing an optimal LQG controller. In this way the

degrees of freedom beyond pole placement take the form of an optimal control

solutions. Chow [Ref. 91 designed such an optimal state feedback controller while

simultaneously shifting AOL to -CL'

The eigenstructures of these designs designated as Non-Robust, Gordon, and,

Chow, are depicted in Table 3 in orders of increasing robustness. Examination of the

-* eigenstructures reveal an increased modal decoupling of yaw rate as the robustness

improves. It is this observation which prompted the use of eigenstructure assignment

to compute a feedback solution. By using the following desired eigenstructure.

X =
O0x

xxx0

A - diag,-25.120 -12.510 -9.652 -2.125}

where x is an arbitrary design variable, and 0 is a specified value for the decoupling;

and by executing the State Feedback Controller Synthesis procedure of the EIGENS
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code, the feedback solution denoted as EIGENS in Table 3 was obtained. Note the
decoupling of the yaw rate elements and the resulting ACL. Figure 6.1 depicts the
resulting minimum singular value plots of the four designs. Note that robustness and

eigenvalue placement was achieved simultaneously in a rather straightforward manner

using eigenstructure assignment.

TABLE 3

CH-47 DECOUPLING STATE FEEDBACK DESIGNS

Design Eigenstructure

Feedback Gains

Non-Robust Design
-24.80 -11.42 -10.30 -2.1

1.'.. -70.6 -595. -0.416 0.641 0.701 1.000
-0.024 2.71 -0.37 7.99 0.117 0.401 0.404 -0.008

-1.000 1.000 1.000 -0.019
0.000 -0.045 -0.050 0.005

Gordon Design

-24.90 -11.90 -10.70 -2.34

14.2 -3.6 -78.0 61.0 -0.415 0.233 -0.338 -1.000
0.05 2.6 -0.2 15.6 -0.122 1.000 -1.000 0.031

-1.000 -0.124 -0.095 -0.205
0.009 -0.083 0.093 -0.004

EIGENS Design
-25.12 -12.50 -10.50 -2.12

-8.37 -2.57 -34.64 -59.94 0.002 -0.254 -0.364 -1.000
-1.79 4.05 -5.10 28.01 -1.000 -1.000 -1.000 -0.04.3

-0.004 0.012 0.085 0.335
0.040 0.080 0.095 0.003

Chow Design

-25.30 -11.62 -10.40 -2.10

-0.65 -0.36 -34.64 -6.60 0.003 -0.290 0.409 -1.000
-0.022 4.14 4.64 30.64 -1.000 -1.000 1.000 0.008

-0.002 0.042 -0.007 0.020
0.040 0.085 -0.096 -0.005
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B. A QUASI-OPTIMAL STATE FEEDBACK DECOUPLING CONTROLLER
As noted previously, Chow [Ref. 91 successfully coded an algorithm which will

obtain an optimal state feedback LQG control solution which invokes a desired ACL.
Table 4 depicts the eigenstructure of one of his solutions for the CH-47 lateral stability

controller. Note however that the yaw rate element associated with the fast eigenvalue,

-= -2.125. exhibits some coupling. By inserting a numerical zero in place of the
eigenvecor elementai vaiue of" 0.1737 br d4, and retaining :he rest it :he

eigenstructure as inputs to the EIGENS algorithm, the Yaw Decoupied design
structure was obtained. The resulting minimum singular value of the return difference

matrix (I + FG) for this design, however, decreased to approximately 0.72. At this
point, one has an acceptable decoupling design but it is not optimal. since am(Im +

FG) is less than 1.0. Using the yaw decoupled eigenstructure as inputs to the Robust
State Feedback Controller Synthesis procedure of the EIGE¢S code. a minimization of

equation 4.17 resulted in a value of a of 0.905. As a is nearly one for this solution, the
"eedback gains are termed Quasi-Optimal and the resulting eigenstructure is shown in

Table 4. Note the yaw rate decoupling throughout the eigenvector matrix. Figure 6.2
shows the progression of the minimum singular value for each of these designs and

clearly notes the increased robustness of the Quasi-Optimal solution over the Yaw
Decoupled solution. Figure 6.3 depicts the resulting transient response to a 2.0 sec 0.1

radian roll pulse command for the Quasi-Optimal Yaw decoupled system. Note the

essentially zero (104 rad'sec) yaw rate response.

C. A ROBUST OUTPUT FEEDBACK CONTROLLER

,' The state variable lateral dynamics model of the L-1011 transport augmented
with rudder and aileron dynamics is shown below [Ref. 24].

J1,

x =AaugX + Bu (eqn 6.9)

y = Cx (eqn 6.10)

where the augmented state vector is defined as,

X1 = Pr ' rudder deflection (deg)

x2 = Pa aileron deflection (deg)
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TABLE 4

CH-47 OPTIMAL STATE FEEDBACK DESIGNS

Design Eigenstructure

-25.120 -12.509 -9.651 -2.125
-0.0033 -0.2493 -().4650 -0.9847

Chow LQG 0.9992 -0.9654 -0.8796 -0.o19
0.0001 -0.0022 -0.0-405 9.1737

-0.0398 0.0772 0.0916 -0.0006

-25.124 -12.510 -8.094 -2.153

-0.0033 0..?493 0.6103 -1.0000
Yaw 0.9992 0.9654 0.7'862 0.00S2
Decoupled 0.0001 0.0022 -0.0023 -0.0004

-0.0398 -0.0772 -0.0971 -0.0038

-24.661 -12.511 -8.780 -2.220
-0.0018 -0.2492 -0.5326 1.0000

Quasi-Optimal 0.9992 -0.9654 -0.8409 -0.0041
Naw Decoupled -0.0043 -0.0022 0.0046 o.0002

-0.0405 0.0772 0.0957 0.0018

x3 = p , bank angle (deg)

4 = r, yaw rate (deg, sec)

x5 = p, roll rate (deg, sec)

x6 = J3 , sideslip angle (deg)

X7 = fwo , washout filter state

The input vector,u ,is composed of the rudder and aileron commands, pc and Pr

u {Pc Pa}T (eqn 6.11)

The system matrices are shown in Table 5.

Sobel and Shapiro [Ref. 24] applied the classical results of Moore [Ref. 10] to the

design of a lateral stability augmentation system (LSAS) for the L-1011 aircraft. The

following design requirements set forth in [Ref. 24] were used.
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TABLE 5

L-1011 LATERAL DYNAMICS MODEL

A

-20.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 -25.00 0.00 0.00 0.00 0.00 0.00

).(1 ).ol) 0.00) o. )() I .(,)( r-0.T--' -,).032 O.A) - ). if-I -.)0..2 !.5-,.
0.337 -1.120 0.00 0.29 -1.00 - 5.2.010
0.020 0.00 0.0386 -0.996 -.0003 -0.117 0.0

0.00 0.00 0.00 0.500 0.00 0.00 -0.500

B

20.00 0.00
0.00 25.00

@4x2

C

0.0 0.0 0.0 1.0 0.0 0.0 - 1.0
0.0 0.0 0.0 0.0 1.0 0.0 ).o
0.) 0.9 0.0 0.' 0.0 1.0 (.
).o 0.0 1.0 0.0 0.0 1.0 o.()

a. Shift the open loop roll and dutch roil eigenvalues to -1.5 ± 1.5j and -2.0 ±
1.Oj respectively, and,

b. Decouple roll rate and bank angle from the dutch roll vectors and decouple yaw
rate and sideslip angle from the-roll vectors.

This design problem was executed via the Output Feedback Synthesis procedure

of the EIGENS code subsequent to a model reduction. Since the first order actuator

eigenvalues were an order of magnitude greater than the aircraft and washout filter

poles, the faster actuators were ignored during the design synthesis. Upon computing

the feedback gains, the slow system was then augmented to include the faster actuator

dynamics prior to transient response analysis. This technique of eigenspace separation

becomes a computational necessity when synthesisizing controllers for high order

augmented linear systems. An augmented linear dynamic model of the F;A-18 tactical

aircraft for example [Ref. 391 consists of fifty-five state variables.

Upon reducing the model to five states, the following desired eigenstructure was

input to the EIGENS code.
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.l, 2 X3,4 X5

-1.5±1.5j -2.0±1.0j -0.6

Xl, 2  x 3 , 4  x5

0 x x
x 0 x
0 x x
x 0 x
x 0 x

where x again denotes an arbitrary design variable. The resulting feedback gains and

eigenstructures are compared with those of Sobel and Shapiro in Table 6. The closed

loop responses to an initial sideslip angle of 13 = 1.0 degree are shown in Figure 6.4.

Figure 6.5 depicts the response using the EIGENS generated gains. Figure 6.6

compares the minimum singular value plots of the two designs. The designs have

nearly identical robustness properties.

This concludes the discussions with regard to designing robust MIMO
controllers. The design technique has been shown to provide flexibility towards

improving an existing robust or optimal design. It also allows the designer to exercise

control over the modal content of the resulting system within the subspace constraints
noted in Chapter III. It is this modal control which provided the motivation to
investigate the application of eigenstructure assignment to reconfigure damaged aircraft

control systems. Damage to aircraft control surfaces, wing,,body profiles, or to control

actuators in effect change the resulting closed loop modal eigenstructure. If one were

able to regain the undamaged modal structure, then one has reconfigured the aircraft

control system. Let us now turn to a discussion of such a concept.

67

dr q-~
e ~ r , . •.* .* •~*~ • .. w . . . . . . • *. . . . . . . . . . .



TABLE 6

L-1011 OUTPUT FEEDBACK DESIGNS

Sobel & Shapiro Results
Feedback Gains i

-3.35 .. 159 -1.88 0.-9 -105

-1.-42 -2.1s . -3.3 2 .P1
-1.5, )2 ± 1 .,.Q-i
-2.'uI ±- .,a'a~5i

Natural Freq Damping Ratio
2.12 0 "08
2.33 0. S .6

ELGE.VS Re.uits

le Feedback Gains

S-3.88 0.10" 6.12 0.133 -16.5
-1.29 -2.64 o.51 d -. 21

le -179 ±I' "-2 I ;± I fP '

Natural Freq Damping Ratio

*'u%**% % VV %%*~%. .~ *.
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LEGEND
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Figure 6.2 amin(I + FG) for CH-47 Optimal Designs.
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QUASI-OPTIMAL YAW DECOUPLED DESIGN
RESPONSE TO 2.0 SEC .10 RAD ROLL PULSE
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: .' Figure 6.3 CH-47 Lateral Response for Optimal Designs.
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VII. EXPLOITATION OF EIGENSTRUCTURE ASSIGNMENT TO SELF
RECONFIGURING AIRCRAFT MIMO CONTROLLERS: A NEW

APPROACH

A. PROBLEM STATEMENT

Prior to defining the objectives of a self - reconfiguring M'A1' 0 controller. one

must clearly state the tyres of system changes and. or deficiencies which might require

the flexibility of such a device. In this thesis, the design requirement of the aircraft

under analysis was assumed to be the undamaged or design dominant eigenstructure for a

specific airspeed, altitude and mission configuration. A system change or deficiency

might include:

a. Asymmetric or symmetric degradation of control surface effectiveness,

b. Asymmetric or symmetric control surfice loss,

c. Single or multiple actuator degradation or fizilure,

d. Single or multiple sensor degradation or failure, or

e. Any aircraft damage which significantlv changes the stability derivatives and
therefore tie modal response of ihe aircraft.

The design objective of a self - reconfiguring AIIMO controller as interpreted in

this thesis is therefore to regain the undamaged modal structure subsequent to such

system deficiencies via a new or reconfigured set of feedback gains. The objective is

jnot a systems approach to reconfiguration but rather a tailored algorithm which

extends the application of eigenstructure assignment. The reader is referred to [Ref. -40J

as an example of what is termed a systems approach to the reconfiguration problem.
,I

A mathematical definition of such a controiler might be stated in the following way.

Problem Statement

Does there exist, and if so, what are the new set offeedback gains required to regain

the desired dominant eigenstructure subsequent to a system deficiency?

*, In terms of the overall flight control system, there are additional assumptions
S" beside the existence of a solution which are implicit in this problem statement. The

three most recognizable are:

* a. The deficiency, or damage. is assumed to be detectable in a time scale much faster
than the response time of the aircraft,

* b. Sufflcient moment and force authority exist in the remaining undamaged control
surfaces to overcome the deficiencies and,
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c. Appropriate feedback loops exist between the sensed motion variable and all
avauable control sufaces.

Note that the objective of the reconfigured controller in this thesis is to regain

the undamaged modal response with the assumption that the system deficiency has

been detected. This is not to say however that the technique described below cannot be

applied to the detection process. The concept may be equally applied to detection or

observer design.

B. ALGEBRAIC SOLUTION

An algebraic solution to the problem used in this thesis is presented as follows.

It was shown previously that for the output feedback case, the set of unique feedback

gains, F, which invoke m x I elements of a desired right eigenvector matrix, X, and

max(m,l) elements of the eigenvalue matrix, A, in the least square sense, are defined by',

F = Z-IU boT(XAX-1 - A)Z'Uco T (eqn 7.1)

where each right and left eigenvector must be members of null spaces defined by their

respective closed loop eigenvalues, k,

e &?UblT(A - kil)} (eqn 7.2)

t i E {LctlT(AT - Xi1n) }  (eqn 7.3)

In order to facilitate the analysis, let us rewrite equation 7.1 by substituting Bz

for Zb lUboT and Cz for Zc lUco T ,

F = BZ(XAX'I - A)Cz (eqn 7.4)

In equation 7.4 let us define the undamaged dominant modal structure, or design

requirement noted above, by designating the matrix M, where,

M = XAX 1 = BFC + A (eqn 7.5)
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as the modal matrix. Note that system deficiencies or damage as defined previously,

would result in either collective or distributional changes to the matrix triple (A,B,C).

A large change in the control matrix B for example, would occur if a particular control

surface was rendered ineffective by combat damage. Such a change might invoke

zeroes in B and perhaps even cause rank degeneracy in the control matrix. Let us

denote such changes as 8A, 6B, and SC. Further, if the feedback gains in 7.4 were held

constant, then the modal matrix, Ml, would likewNise undergo changes. aM. since if the

feedback gains were to be held constant in 7.4, the Following equality would arise.

F = (Bz + 6Bz){M + 6M - (A + 6A)} (Cz + SCz) (eqn 7.6)

Again, cases may arise where 6M could represent benign responses such as decreased

pitch response due to symmetrical elevator degradation or severe changes such as an

undesired roll and yaw response from pitch commands due to asymmetric elevator

degradation. In order to maintain the integrity of the dominant modes of the modal

matrix, M, constant in 7.6, and thereby regain the undamaged modal response, one
could allow the feedback gains F to undergo a perturbation SF, to lessen the

magnitude of SM. The flexibility of eigenstructure assignment and its suitability for

solution by numerical optimization techniques allow one to perform such a calculation.

For example, if one required the closed loop eigenvalues, A, to remain constant, one
would allow the closed loop eigenvector matrix, X, to assume the role of design

variables in an optimization routine to satisfy equation 7.2. By converging to such a

solution and designating the subsequent changes to the modal matrix M as Sin, where

am represents minor changes to the dominant modes, one has,

F + SF = (Bz + SBz){M + am - (A + SA)}(C z + SCz ) (eqn 7.7)

with the additional constraints that the right and left eigenvectors must now be

members of the following perturbed null spaces,

xi e T'(Ubl + SUbl)T(A + SA - kiln)} (eqn 7.8)

t i 6 . ((UctI + 6Uctl)T(AT + SAT - xiln)} (eqn 7.9)
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Note that in equations 7.8 and 7.9, the changed open loop parameters are A + 6A, B
+ 8B, and C + 8C and as such remain constant. If one desires a specified closed loop

eigenvalue matrix, A, then one must allow the eigenvectors xi and ti to rotate until

equations 7.8 and 7.9 are satisfied. If such a solution exists, then one has reconfigured

the system to regain a response close to the undamaged response. Note additionally

that one may apply the concept of eigenvalue shifting described in Chapter VI. Section

B.4. to satisfy the null space requirements of equation 7.S and 7.9. Equations 7.7. -. 3.

and 7.9 are the key relations used in the reconfiguration algorithm presented in this

thesis.

C. RECONFIGURATION ALGORITHM

The reconfiguration algorithm presented in this thesis which codes the key

relations noted above can facilitate analysis of a fifty - five state variable model with

up to ten inputs and eighteen inputs. It is composed of three sequentially

interdependent Fortran algorithms (RECONF, ERSPACE, ELSPACE) which execute

the reconfiguration constraints noted in equations 7.7 through 7.9 It is assumed that

the user has independently computed a set of feedback gains for a particular system

which invoke a satisfactory eigenstructure. The reconfiguration algorithm initializes

the design analysis with the user provided data and computes the modal matrix, Al. for

further use. The algorithms were coded for execution on the Naval Postgraduate

School IBM - 370 mainframe via interactive access through compatible user terminals.

The reader is referred to Appendices D, E, and F for the program listings. A

sequential description of a typical reconfiguration flow is described below. Acronyms
to the left of the program name are designated as read files, those to the right are
designated write data files.

a. RECONF reads the undamaged system matrices (A,B.C,F) and writes the
undamaged modal eigenstructure (XA).

RECONF ---- > ---- {RECONF}---- > ---- UNDEIG

b. RECONF reads ti-,, user provided damaged system matrices (RECOX.X) and
undamaged modal eigenstructure (UNDEIG) and writes the appro riate right
eigenstructure data (ERSPACE) for right null space analysis (7,). The user has
control over the order of the desien space by designatihLn the upper and lower
bounds of the eigenvalues of interest. In thi§ way, the user may synthesize the
entire eigenspace by segmenting the whole spalce into iterative "segments of
design spaces or may spe'cify a reduced order design eigenspace.

RECOXX -- > ---- {RECONF}.--. > ---- ERSPACE
UNDEIG

c. ERSPACE reads the right eigenspace data and calls the ADS program to
minimize a specific normed vector distance between the undanaged right
eigenvector and the perturbed (darnaged) right null space (7.S . pon
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convergence, the appropriate left ejgenstructure data is written (ELSPA CE) for
left nul space analysis (equation 7.9).

ERSPACE---- > ----{(ERSPACE}---- > ---- ELSPACE
d. ELSPACE reads the eigenstructure data and uses the ADS program to

minimidze the euclidean distance between the desired left eigenveetor and
perturbed (danmaged) left, null space. The user has the option of performing the
minimization by -either elgenvector or eigenvalue shifting. After convergence is
obtained for each left eizenrvector. the riiht null space residual is also drsplaved
co alert the user of' anv-contlict with th resulting right eigenvector null' spaLce
membership. If such a&conflhct arose. the code cobld'he modified to rewrite iie
ERSPACE data ;ile f'or reentnx ;nto zhe ERSPACE ai--orithmn. \.,-:i

relirrent lias 1oeen noteu ;or -lie miodel unuer in aivs s 'or :ne rcarco
qeotd 'n this thesis. This is due to -fie fact thtat of the F I'-\ hn~

prtnanmic m;odel presented in Chanter VIII the dimensions of E and L are -

ahd 37 respectively. Therefore SiE )> d(t,/). Upon completior{ of the fe it 'lullspace ana _sis . ELSPACE writes fhe optimized eigenstructure (OPTEIG) ,'or
use by RECONF to calculate the reconiigured gains.

ELSPACE---- >---- 1ELSPACE,*---- >--OPTEIG

e. IRECONF reads the optimized eigenstructure and calculates the resulting
teedback 2ains (FREC ON. reco nfisztred eizensiructure (RECE I j and rec u,.re,2
time response data for piotting. i(JPTXXX.T for plotting. Plotting is per,,zrnieu
by auxiliary programs riot desiribed in this thesis.

RECOXX---- > ----RECONF---- >--FRECON. OPTEIG

RECEIG. OPTXXX
A sample run is presented in Appendix G.



Vill. A RECONFIGURED SOLUTION DEMONSTRATION

A. BACKGROUND

The F A-ISA was chosen as a demonstration vehicle for the soluzion technique

rosed in Charter V'I due "D ts Ji:"al . c , ntro! q,. tem and avaiiabilitv of control
:or r:c -ura: n. A.ur-ent :actlcai arcrat :n the L.S. Navy Ind Marine

Corns :nventcr-. :ts pnma- .i.li t control is baselined as a control augmentation system

•wvhich :s implemented '.ia F%,-bv-wire ,echnocg. [Ref. 411. The discussion will continue

with a brief De1cr:pt.ou i, tie aircraft controi system and dynamic model followed by

snec: ic oarnage :"a:.s..... ,. ", ' J.ii . V re archi reported here.

B. F,.A- IS.-% SNSTEI OVERVIEW

F:,. [ .\-Ib.\ control aul-mintation ,',:em uses feedback gain scheduling. cross

., -,.'-.:r -. :r~cr: o . ,e.. arid closed loon control f'or acceptable
.,: r. ig quality u:deiines are based on military

,~e.:::,.a:Lor. \ -i L--P, Le.el I requremets for high maneuverability aircraft

- :. ::t' 1re per \lI.-F-.v9') which require 6 db of gain

. ... ................... .are erormed via paraliel

7- . :..C.:-.rrt& acceieration, and dynamic static air data

.c:o:re :-m'. r', 2 -. or:ous fI:cht conditions. Figure 8.1 is taken from

P " .'. " . . :- ,'. ":en ,ror,, a :!LInctional !evel.
c' he a:rcrai t. In the undamaged

-..- r.,.e .'a inmetric detlecton of right

. . . , -, ~. . .... -c " . . .e e V, . lateral directional control is

-. . . cntr ..c: :c.:..' r: e:ght and left stabilators, ailerons.

*. ..... .Ucr deflections. Each flight control

.. ....- .... ,Ct-, ta ators %th known dxnarr cs. Rate gyros

- . " .. ~ , . . . .,: , , ~ .c:,,cd n:o .'n:x data w hich is input to the digital
..................... . . .--..-~- ........ i r,_t conrri nmcde.

":':r ;r:c: [rop ( ontrtol is accomplished via

..... . . . : .c Cd ,c"",ack control. Control law

" . -, Ippram h 'r ,.ike of! and landing and Auto

I ,ap Ip ... ) .' .-Auto Flap .lodle was incorporated in the



C. F/A-18A LINEARIZED DYNAMIC MODEL

The linearized F/A-18A continucus state variable model for fighter escort

configuration is as follows.

x = Ax + Bu (eqn 8.11

v = Cx + Du (eqn S.2)

where the state vector is composed of both the longitudinal and lateral aircraft states.

x = {u w q 0 r p v (pT (eqn8.3)

and the state vector elements are,

u - forward velocity

w - vertical velocity

q = pitch rate

0 - pitch attitude

r = yaw rate

p = roll rate

v = side velocity

=p bank angle

The input vector u is composed of the following eight inputs,

u = (dst x dlex dtex Pst Pie Pte Ta PrI y  (eqn 8.4)

,- . enotes snmetric deflections and p denotes differential deflections of the

, r r ,st . leading edge flaps (le), trailing edge flaps (te), ailerons (a), and rudders

%.. ?en matrices were computed from data in (Ref. 411 for a flight condition of

<,- . ; j~tude of 10.000 feet. They are shown in Table 7.
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The output vector. y. is,

v- (q nz aa r p n. T (eqn S

where

n- - normal icceleration

aa = angle O

n. = lateral acceleration

D. F/A-18A AUGMENTED LINEARIZED DYNAMIC MODEL

Rojek [Ref. 39] modeled the F A-18A aircraft dvnancs augmented 'xilh

actuator.sensor and feedback tilter dynanucs for the Auto Flap Up !Iqht nncdc :r,

discrete torm.

Figures 8.3 and 3.4 depict the linearized lonswtudinai and lateral-directionail

control law model coded in [Ref. 391. In the figures. F denotes :he gain ¢ .neduleu

function values and P denotes the presence of a filter. Constant gains are denoted by

numerical values. Non-linear components of :he full order control law modc! noted :n

[Ref. .1] were either ignored or linearized as follows.

a. Non-linear dvnamics of the control laws such as position linuters, rate limiters.
dead band rekions, and inertial couplings were ignored.

b. Stick and rudder dynamics were ignored.

c. A constant sample rate was assumed and therefore pre-aliasing filters were not
included in the model. For this thesis, an eighty hertz sahir'ling rate ' a,
invoked.

d. Structural notch filters were ignored as structural modes were not n'iedecd

e. As the model was desi2ned to simulate cruise fliiht conditions. fader, xhi'h
smooth out discontinuities during system start up .aTd other transitional phae,
were ignored.

The control law model provides gain scheduling as noted in paragraph VIII B

Lead-lag filtering is also provided to shape the feedback responses and to ensure

acceptable phase and gain margins within the feedback paths. [Ref. 391 presen,,s

detailed information with regard to descretization of the continuous actualor. ,ensor.

and control filter models shown in [Ref. 411.

[Ref. 391 formulated the discrete F A-IA dynanuc model as a iftN,-lIxe

augmented state variable system. This particular state variable form modeled the

discrete pilot commands as the input vector, uk).
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TABLF 7

F A-1SA SYSTEM MATRICES FOR M - 0.6, ALT - 10,000 FT.

AA 9N

.,,1"" S"- .) 92N0 32
-I -") .1 1 -40 U

" ' 'I,. ,1 ,i25'i } ' ) )2 83

.3 11, 0I)

B

-1 ,4 .) () 0 0 0

-1" I ; -i O~) I ', i I ,1I 0) )
U i) i ii I) ()) I)

, ,) , .,.';:() ,) ,)-2.915 34.. ,90Q

, . - U',) , - 350 ..S9gS4) -3.20.)
, U 1<I ($) I9 13.U(,4) I 1 40 4-1a~

)li ! I) 1 i I) I 8

iI I) - latr 0 0 0
-. 2,S -I dire t on9 rd cm 0 0 0n

,) (. 15.1 ) 0 0 0 IAIi)) ) .) 0 4)

Ul l i0 01 I 0 [0 0)
* i2' I*3 -I4, ) U! 4-) ") U .)

""I) ) UI 4) i! II I) 0)
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where

paik) plt~h %t LK L.Oflll.irid

vIk) =lateral %iLk Lc rrndild

p k) = directional rudder corumand
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Modeling in this way incorporates both the control surface deflection commands

and feedback filter states within the plant matrix, A. In that the control surface

deflection commands are the desired system inputs, u, and the discrete pilot commands

are the desired reference commands, 8(k), the dynamic model was assembled in a

different manner than [Ref. 39]. Equation 8.6 was reformulated as a reference

command vector, 6(k), and the input vector, u(k), was reformulated as the ten discrete

ontroi surfbce Inputs as follows.

u = (rst Ist rle le rte Ite ra la rr Ir} T (eqn 8.7)

where r and I denote right and left control surfaces and st, le, te, a, and r denote

stabilator, leading edge flap. trailing edge flap, aileron, and rudder deflections

respectively. Additionally, Rojek provided longitudinal(LONG) and lateral (LATD)

gain matrces which modified the equations of motion to accept individual control

iurface deflections as systems inputs. In this way, coupling between the longitudinal
aircraft modes and longitudinal control surfaces, and also the lateral modes and control

surfaces, are invoked via the gain matrix transformation. For synmmetric control

surface degradation where for example both right and left stabilators are degraded by

an equal amount, the aircraft equations of motion remain uncoupled via the structure

of the gain matrices (LONGLATD). If only the right stabilator were degraded

however, cross coupling of the aircraft modes would be invoked by the gain matrix

structures.
Assembling the model in this form leads to a classical state variable

representation,

x(k+ 1) = Ax(k) + Bu(k) + Gl(k)6(k) (eqn 8.8)

y(k) = Cx(k) (eqn 8.9)

u(k) = Fy(k) + G2 6(k) (eqn 8.10)

where the vectors have the following linear space dimensions,
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Equations 8.8.8.9, and 8.10 represent the F'A-ISA augmented linear dynamic
model used ,.or the reconfiguration studies presented in this thesis. Note 'hat the
feedforward matrices, G1 and G2, mathematically represent the addition of zeroes to
the closed loop system. Physically they represent command links to the control
surfaces to aid in control surface time response and modal shaping. They are assumed
constant within the bounds of the reconfiguration technique posed in this work and will
not be expioited as a degree of freedom for regaining the undamaged responses. Only
the gain matrix, F, is assumed variable for reconfiguration analysis. Note additionally
that in the geometric terminology of Chapter III. this system is a Case VI Output

Feedback problem since m < .

The right null space Er is of dimension forty-five while the left null space E1 is
dimension thirty-seven. Unlike the lower order L-1011 problem, these dimensionally
dissimilar null spaces will prove to be significant since there may be several right
eigenvectors of differing orientations which satisfy the right null space constraints.

Subsequent discussions will review this concept in more detail. Equations 8.S - 8.10
were verified for accuracy by comparing responses with those of Rojek [Ref. 39]. No
discrepancies with the longitudinal responses of Rojek were noted [Ref. 39] and

equations 8.8 through 8.10 were deemed correct for further analysis.

The augmented state vector x(k) is comprised of" five individual state vectors as
follows.

X =-{XonT XlatT xactT XsenT XclT}T (eqn 8.1I)

where Xlon and Xlat were defined previously and,

Xact 24xI = (Xst Xle xte Ix4 xa lx4 X lx4)T = actuator states

Xsen -xl- (Xgyros 10 Xfilters -x2}T= sensor states

Xcl 12xl {Xclon Xclat}T = control law digital states
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The augmented output vector, y(k), is composed of the sensed motion variables

and the control law filter states which arise from their state variable formulation.

y = Fq n aa r p nvIxcl ,lxl2T (eqn 12)

By examining equation S.12 and !uuation S.- one observes the structure of The

feedback 2ain matrix. F. Note Aow -his struc:ure exposes :n e n:eeab . r,. :

system in a numerical fashion. For example. F( 1.1) is the static feedback vain betveen

the sensed pitch rate, q, and the right stabilator deflection command. rst. This physiLal

interpretation of the numerical structure of the system is not evident in [Ref. 3') and

serves as a revealing source of information for reconfiguration analxsis. \ote

additionally that the gain matrix. F. will remain constant unless different :lght

conditions and, or regimes are assumed. Additionally. if one models L.cntrol su ,ae

degradation via changes in the B matrix, then these constant F values will revoke

undesired modal responses subsequent to pilot commands via &ki. It .s the intent ol

the reconfiguration technique to regain the undamaged response with the same pilot

command inputs. This, of course, necessitates changing F by some quantitative

amount 8F. This is exactly what we desire to determine by the solution technique

described in Chapter VII. Let us now turn to some specific damage scenarios tor

solution.

E. THE SYMMETRIC DEGRADATION PROBLEM

Several types of flight control surface deficiencies or damage classes were

presented in Chapter VII ranked in orders of severity. The initial type of damage clas

considered in this thesis was the synmmetric degradation of control surface effectiveness.

Specifically, two cases of symmetric degradation of the right and left stabilators were

treated by the reconfiguration technique. Case A decreased the control effectiveness of

both stabilators by 25%and Case B decreased the effectiveness by 500o. Since this

type of longitudinal symmetric damage does not invoke lateral coupling, the perturbed

eigenstructure only involves the longitudinal dynamics. This provides a suitable test

case for the initial attempt at reconfiguration.

As is the case in all eigenstructure synthesis scenarios, one must become familiar

with the structure of the system prior to any design execution. In all of the damaged

cases examined for this thesis, the design requirement was to regain the undamaged
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longitudinal response to a 1.0 inch, 3.0 sec pitch up stick command. Figure 8.5 depicts

the undamaged longitudinal responses to such an input. Table 8 depicts the closed

loop eigenvalues of the full order system. Note that a slow eigenspace exists for a z-
plane eigenvalue of greater than or equal to 0.9535. A slow design eigenspace was
therefore defined as z > 0.9535 and reconfiguration synthesis for the symmetric

degradation cases was performed within this eighteenth order eigenspace. Table 9
depicts the eigenvectors of the aircraft eigenspace. Tables 8 and 9 are therefore rhe
design ciosed loop eigenvalues and ngnt eigenvectors for this Case VI Output

Feedback problem. In all subsequent tables, the aircraft eigenvectors are normalized
with respect to the largest real magnitude of the aircraft elements. Table 10 shows the
undamaged feedback gain matiix, F. Note that the function gains and filter transfer
functions depicted in Figures 8.2 and 8.3 are transformed via the modeling technique
noted in paragraph VTII.D into the elemental values of the feedback matrix. F. in
Table 10. Each column represents the feedback gain values from the sensed variable to
the respective control surface. For example the static gain value between pitch rate. q,

and the right stabilator, rst. is 0.214.

Table 11 numerically depicts the euclidean and 00-norms of the right and left null
vectors, Cri and E1, of the eighteen slow modes. The residual sums, RESr and RES,, are
the sums of the eighteen individual euclidean norms. Note that RESr is significantly

less than RES, and that the primary modal contributors to RES, are the short period
and phugoid modes. It is interesting to note that at the outset, the bad actors with

respect to the left null spaces are longitudinal in nature.

Upon examining Table 11, one would initially establish a collective numerical
threshold on the null space membership criteria of 0.074838 and 3.3046 respectively. A
significant unknown, howeveris the magnitude of the conservative nature of the
euclidean norm. A collective measure of null space residuals may indeed be too harsh
a criterion on eigenvector acceptance. Additionally, as noted previously, eigenvector

orientation is a significant input with regard to acceptance criteria when analyzing such
a high order system. For example, a particular eigenvector may satisfy a null space
requirement but have undesired modal orientation. An undesired orientation results in

responses which may or may not be acceptable. The design problem therefore becomes
two fold. Null space constraints and proper orientation of the right eigenvector must
simultaneously occur to ensure full performance recovery. Performance recovery could

be accomplished in several ways. One procedure would be to augment the current
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1. Case A

Symmetric degradation of the stabilators was smuiated Ix modir\ ing lie

approprate elements of the gain matrices to reflec t i 25"'., Ioss :n control e.fectivcness.

Figures S.() and i.- depict the damaged pitch attitude and pitcli rate respones.

Although a relatively benign perturbation to the undamaged response, this case served

a valuable role in software debug of RECONF. ERSPACE.ELSPACE, and in the

modifications to the [Ref. 39] code. Table 12 depicts the damaged eigenvalues for Case

A. Table 13 shows the resulting perturbed aircraft eigenstructure for Case A. The

primary eigenstructure perturbation for Case A is noted in the slower phugoid (k =

-0.4123) and the short period modes. For the slower phugoid mode. the eigenvalue

shifted to the right by 19.4% with no significant change in the eigenvector, The

perturbed short period mode became less damped and more oscillatory as the real part

of the eigenvalue moved to the right by 16.7% and up the imaginary axis by 9.4%.

The cumulative result is a lag in both the pitch attitude and pitch rate responses.
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it ,,1 0 ,o))l )):)J 0 dtiter

,i. )6.qjOJ .0.01 - O.O00J Phugoid
.). O000J -0.511 0.000J Phu:oid

I ,') I i -1.004) 0.0001 Filter
" M,( I '4)4)J -1 159 0.0003 Filter

S0 21 1)4)4)J -1.443 0.0001 Filter
-4( )uJ -2.00 0.000J Filter

, , ,) .. )( 4)J -2.0o 0.000J Filter
1 ,) )0 - 2.,)') 0.000)J Filter

,0.9643 0.00001 -2.904 O.OOOJ Roll
0. '-64 -0..3 19J -1.3"0 -2.615J Dutch Roll
).9"64 ').0 19J -1.8-0 2.615.1 Dutch Roil
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TABLE 9

F/A-18A UNDAMAGED AIRCRAFT EIGENSTRUCTURE

Spiral Phugoid Phugoid

X -0.0029 + 0.0000J ) = -0.0173 + 0.0000j - -0.5115 + 0.0000J
0.0000 0.0000J .1 .0000 o.0000J -0.3443 0.00001
0.0000 O.OO0oJ 0.0559 ).(0(.90J 1.0000 0.0000J1

0*.0000 0.OOJ 0.000 0.00001 0.0016 0.00001
0.)00) 0.000J 0.0000 0.0000J -0.0031 0.0000J
0.776,4 0.0000J 0.0000 0.00001 0.0000 0.0000J
0.0494 0.0000J 0.0000 0.00001 0.0000 0.00001
0.0029 0.0000J 0.0000 0.0000J 0.0000 0.00001
1.0000 0.0000J 0.0000 0.0000J 0.0000 0.0000J

Roll Dutch Roll Dutch Roll

* .= -2.9042 X = - 1.8703-2.6152J k= - 1.8703 + 2.6152J

0.0000 0.O000J 0.0000 0.00001 000 0.0000i
0.0000 0.0000J 0.000) 0.0000J 0.0000 0.00001
o.0o00 0.00001 0.0000 0.00001 0.0000 0.0000J
0.0o00 0.000J 0.0000 0.0000J 0.0000 0.0000J
-1.0000 0.o0OOJ -1.0000 - 1.2610J -1.0000 1.2610J
-0.0037 0.0000J 0.0026 -0.0075J 0.0026 0.0075J
-0.0478 0.00001 0.0049 0.0166J 0.0049 -0.0166J

0.0165 0.0000w -0.0051 -0.00181 -0.0051 0.00181

Short Period Short Period
X = -2.2794-2.7016J . = -2.2794 + 2.7016J

0.0183 -0.0031 0.0183 0.0031J
-1.0000 -1.7738J -1.0000 1.7738J
-0.0055 0.0078J -0.0055 -0.0078J
-0.0007 -0.0026J -0.0007 0.0026J

0.0000 0.0000J 0.0000 0.00001
0.0000 0 0.0000 0.00001
0.0000 0.0000J 0.0000 0.00001
0.0000 0.00001 0.0000 0.00001

The initial test performed on the desired eigenstructure was the right null
space constraint. Table 14 depicts the null space residuals for Case A. Note that

RESr is 0.036547 for this case which compares favorably with that of the undamaged

(or nominal) value. Therefore the desired right eigenvectors were considered members

of the Case A perturbed right null spaces and no reorientation was considered

necessary. When the left eigenvectors were tested for left null space membership, a

value of RES/ = 125.11 was obtained. When compared with a value of 3.3046, it was
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TABLE 10

F/A-ISA UNDAMAGED FEEDBACK GAIN MATRIX

0NZ AA R
RST 0. 214Eq-00 -0.131E+00 0.00E + 00 0.OOOE +00
LST 0.214E +00 -0.131E+00 0.00E + 00 0.000E4-00
RLE 0.000E 4-0 00 .OOOE +00 0.209E-01 0.OOOE +00
LLE 0.OOE -0() 0.000E +00 0).29E-01 0.000E - 00
RTE 0-000E + 00 0.000E+ 60 0.110 E-01I 0A0E -* oo
LTE 0.00E + 00 0.0E + 00 0.I1OE-01 0A)OOE +00
RA 0.00E + 00 0.00E + 00 0.OOOE +00 0.000E + 00
LA 0.000E + 00 0.OOOE + 00 0.OOOE + 00 0.OOOE + 00
RR O.OOOE +00 0.O0O1E+ 00 0.OOOE +00 0.689E +00
LR 0.OOOE +00 0.OOOE +00 0.OOOE +00 0.689E +00

P NY Cl C2
RST 0.240E-01 0.OOOE +00 -0.257E-02 0.748E-03
LST 0.140E-01 0.00E + 00 -0.257E-02 0.748E-03
RLE 0.OOOE +00 0.OOOE +00 0.00E + 00 0.OOOE +00
LLE 0.OOOE +00 0.00E + 00 0.00E + 00 0.OOOE +00

*RTE 0.192E-01 0.00E + 00 0.000E4+-00 0.OOOE+00
LTE -0.192E-01 0.OOOE +00 0.00OE +00 0.000E - 00
RA 0.600E-01 I .OOOE + 00 0.000E + 00 0.OOOE + 00
LA -0.600E-01 0.OOOE +00 0.OOOE +00 0.000E +00
RR 0.388E +00 0. I6SE + 02 0.OOOE 4- 00 0.OOOE + 00
LR 0.388E+00 0.16.)E +02 0.OOOE +00 0.00E + 00

C3 C4 C5 C6
RST -0. 19 1E-01I -0.21 1E+00 -0.383E-01 0.00E + 00
LST -0. 191 E-0 1 -0.211 E +00 -0.383E-01 0.00E + 00
RLE 0.OOOE +00 0.OOOE +00 0.00OE +00 0.412E-01
LLE 0.OOOE +0 00.OOOOE +00 0.000E + 00 0.41"E-01
RTE 0.OOOE +00 0.00E + 00 0.OOOE +00 0.000E +00
LTE 0.000E + 00 0.OOOE +00 O.OOOE +00 O.OOOE+ 00
PA 0.OOOE +00 0.00E + 00 0.00E + 00 0.OOOE +00
LA 0.00E + 00 0.OOOE +00 0.000E4+-00 0.OOOE +00
RR 0.OOOE +00 0.OOOE +00 0.OOOE +00 0.OOOE +00
LR 0.OOOE +00 0.OOOE +00 0.000E + 00 0.OOOE +00

C7 C8 C9 CIO
RST 0.OOOE + 00 0.OOOE + 00 0.000E +1-00 0.OOOE + 00
LST 0.OOOE + 00 0.OOOE + 00 0.000E + 00 0.OOOE + 00
RLE 0.O000E + 00 0.OOOE + 00 0.OOOE + 00 0.OOOE + 00
LLE 0.OOOE +00 0.000E +00 0.OOOE +00 0.OOOE +00
RTE 0.219E-01 0.OOOE +00 0.OOOE +00 0.OOOE +00)
LTE ().219E-01 Q0OE + 00 0.OOOE +00 0.600E +00
PA 0.OOOE +00 0.OOOE +00 0.00E + 00 0.OOOE +00
LA 0.O0E + 00 0.OOOE +00 0.OOOE +00 0.OOOE--00
RR 0.OOOE +00 -0.856E-02 -0.494E-02 0.000E + 00
LR 0.OOOE +00 -0.856E-02 -0.494E-02 0.OOOE +00

RST O.OOOE +O 0 -OOE +C00
LST 0.OOOE +00 0.OOOE +00
RLE 0.OOE + 00 0.OOOE +00
LLE 0.OOOE +00 0.OOOE +00
RTE 0.OOOE + 00 0.OOOE + 00
LTE 0.OOOE +00 0.00E + 00
PA 0.OOOE + 00 0-000E + 00
LA 0.OOOE +00 0.OOOE +00
RR 0.317E-02 0.00E + 00
RR 0.317E-02 0.OOOE +00
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TABLE 11

F/A-18A NOMINAL NULL SPACE RESIDUALS

RESr=Y-IICri!I 2 = 0. 74838E-01
RES 1=FI- 1 II 2 = 0. 33046E+01

Mode 1Icrjil lie, 4I1
2-Norm X-Norm 2-Norm Xnorm

ShPer 0. 10646E-04 0. 71796E-05 0. 52883E+00 0. 11033E-03
ShPer 0. 10646E-04 0. 71796E-05 0. 52883E+00 0. 11033E-03
P11D 0.10902E-04 0.76087E-05 0..14053E-01 0.44177E-05
DRoll 0.30222E-02 0.29889E-02 0.41392E-03 0.70056E-13
DRoll 0.30222E-02 0.29889E-02 0-41392E-03 0.70056E-13
EPhug 0. 36685E-05 0. 23228E-05 0. 16863E+00 0. 33777E-04
Y3D 0. 43926E-05 0. 29008E-05 0. 76362E-01 0. 13423E-04
Roll 0.53555E-03 0.52682E-03 0.31910E-03 0.17306E-12
SPhug 0.38242E-06 0.26453E-06 0.12615E+01 0.12600E+01
Filtr 0.53746E-04 0.40515E-04 0.10055E-03 0.11079E-14
Filtr 0.33415E-03 0.32759E-03 0.49189E-03 0.14597E-1.4
Filtr 0. 16079E-04 0. 13604E-04 0. 69333E+00 0. 12940E-05
Filtr 0.28549E-11 0.20861E-11 0.13364E-03 0.33852E-'.5
Filtr 0.14593E-12 0.96229E-13 0.23156E-01 0.56116E-68
Filtr 0.45935E-03 0.45639E-03 0.80447E-02 0.65734E-15I
Spira 0.245 8E-10 0.17275E-10 0.OOOOOE+00 0.00000E+00
Filtr 0.48253E-12 0.38527E-12 0.OOOOOE+00 0.OOOOOE+00
Filtr 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E400

decided that reorienting the left eigenvectors was required. In particular, note that the

source of left residual error was predominantly due to the short period, phugoid, and

two of the filter modes, P1 ID and Y3D. P1 ID is a longitudinal filter which sends

angle of attack data to the collective flap commands. The Y3D is a lateral feedback

* filter which smooths yaw and roll rate feedback to the synchronous rudder comnmands.

Note that the lateral aircraft modes satisfy both right and left perturbed null space

constraints as m-ight be expected since the degradation is in the longitudinal surfaces

only. Note additionally that the three modes at the bottom of Table 14 have true zero

left residuals just as in the undamaged case. This depicts the dependence of the

residual on the open loop parameters (A,B,C) and show that for some eigenvalues, the

null space constraints will always be satisfied regardless of the orientation of the

eigenvector. The converse is also true, some eigenvalues will always invoke a null
* space residual. The key is to orient their vectors as close as possible to the desired

orientation while minimizing the residual error.
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Figure 8.6 Case A Damaged Pitch Attitude Response.
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Figure 8.7 Case A Damaged Pitch Rate Response.
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Minimization of the euclidean norm of the left null vector, eh, for each of
these four modes was performed in the folowing way. All fifty-five elements of the left

eigenvector were allowed to vary : 0.001 of their initial value to provide freedom to

rotate as close as possible to the null space invoked by the fixed eigenvalue. ADS was

then used to minimize 11 till2 individually for each of the four modes. Upon completion
of the minimization procedure. final values of RESr = 0.043691 and RES, = 37.117
were obtained. Note that the rgilt residual sum maintained an acceptable vaiue during
minimization of the left null vector norms. This is demonstrative of the higher

dimension of the right null space,(d(Er) = p = 45) as compared with that of the left

null space (d(El) = q = 37). Subsequent to the minimization, the fast eigenspace was

preserved by inserting the undamaged elements 9-43,45, and 47 into the 37 fast modes
of the right eigenvector matrix. The reconfigured feedback gains were then computed

and responses were plotted. In essence, this is a reduced order design method and

proved successful for the symmetric degradation cases.

Table 15 shows :he reconfigured feedback gains for Case A. Note that the

reconfigured gains invoke deflection commands to the leading and trailing edge flaps
via pitch rate, normal acceleration, and angle of attack feedback paths. Additionally,

feedback gains are now present in the angle of attack to stabilator feedback path.
Note that these paths are not present in the longitudinal control model of Figure 8.3.

This solution therefore would require a modification to the aircraft control system.

Additionally there are feedback gains between selected filter states and the

leading. trailing edge surfaces. These particular filter states correspond to the pitch rate
to collective stabilator, normal acceleration to collective stabilator. pitch stick to

collective stabilator, and angle of attack to collective leading flap feedback filters. This

longitudinal reconfiguration was implicitly invoked by the design technique described
above. Table 16 depicts the reconfigured eigenstructure for Case A. Note the slower

phugoid (k - -0.4616) has been shifted to 90.24% of the undamaged value which is a
9.59% improvement over the damaged eigenvalue location. Also noteworthy is the

weak modal coupling to forward and vertical velocity in the spiral mode. Similarly,

there is weak coupling to side velocity in the reconfigured short period. Figures 8.8
amd 8.9 show the reconfigured pitch attitude and pitch rate responses. Note that the

undamaged responses were not exactly regained, but the reconfigured responses show

positive signs toward performance recovery. This is indicative of satisfying the null
space constraints while not invoking a constraint on the orientation of the right
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TABLE 12
CASE A (25% SYMMETRIC) DAMAGED C-LOOP EIGENVALUES

Z-Plane Roots S-Plane Roots Mode

1.0000 0.000J 0.000 0.O00J
1.0000 o.O00J .000) 0.()())J
1.0000 O.O000J 0.003 O.OOOJ Spiral
1.0000 0.0000J 0.003 o.000J
0.9998 0.00001 -0.019 O.O00J Phugoid
0.9949 0.0000J -0.412 0.000J Phugoid
0.9876 0.O000J -1.000 0.000J
0.9863 0.0000 -1.104 0.000J
0.9821 0.0000J -1.443 0.000J
0.9753 0.00003 -2.000 0.000J
0.9753 0.0000J -2.000 0.000J
0.9753 0.0000J -2.004 0.000J
0.9645 0.00001 -2.892 O.O00J Roll
0.9764 -0.0319J -1.869 -2.615J Dutch Roll
0.9764 0.0319J -1.869 2.615J Dutch Roll
0.9575 0.0000J -3.477 0.000J
0.9759 -0.0361J -1.899 -2.956J Short Period
0.9759 0.0361J -1.899 2.956J Short Period
0.8406 0.0000J -13.886 o.000J
0.7519 0.0000J -22.809 0.o0J
0.7109 0.00003 -27.292 0.000J
0.7106 0.0000J -27.328 0.000J
0.6988 -0.2220J -24.821 -24.612J
0.6988 0.2220J -24.821 2J.612J
0.6985 -0.2223J -24.849 -24.651J
0.6985 0.2223J -24.849 24.65 U
0.7642 0.3236.1 -14.915 32.043J
0.7642 -0.3236J -14.915 -32.043J
0.7596 -0.3344J -14.908 -33.175J
0.7596 0.3344J -14.908 33.175J
0.4907 -0.0613J -56.335 -9.9383
0.4907 0.0613J -56.335 9.938J
0.4119 0.0000J -70.956 0.00J
0.4267 0.3259J -49.749 52.1873
0.4267 -0.3259J -49.749 -52.187J
0.4191 0.3947J -44.173 60.,34J
0.4191 -0.3947J -44.173 -60.434J
0.4181 0.3950J -44.250 60.555J
0.4181 -0.3950J -44.250 -60.555J
0.3601 0.00003 -81.707 0.0003
0.3601 0.O000J -81.708 0.000J
0.2251 -0.4027J -61.888 -84.888J
0.2251 0.4027J -61.888 84.88SJ0.2238 0.4019J -62.117 85.0183J
0.2238 -0.4019J -62.117 -85.018J
0.1226 0.00003 -167.882 0.O00J
0.1219 0.0000J -168.385 0.0003
0.1208 0.00003 -169.101 0.000J

-0.0042 -0.0203J -309.929 -141.910J
-0.0042 0.0203J -309.929 141.9 103
0.0017 -0.0083J -381.587 -109.565J
0.0017 0.0083J -381.587 109.565J
0.0032 0.0000J -458.818 0.O00J
0.0032 0.0000J -460.648 0.000J
0.0031 0.00003 -461.242 0.000J
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TABLE 13

CASE A (25%SYMMETRIC DAMAGE) AIRCRAFT
EIGENSTRUCTURE

Spiral - Phugoid Phugoid

= -0.0029 X = -0.0187 + 0.0000J X = -0.4123-0.0000J

0.0000 0.00001 1.0000 0.00001 0.4938 ).O000J
0.0000 0.0000J -0.0564 0.00001 - 1.0000 0.00J0
0.0000 0.0000J 0.000 0.00001 -0.0016 0.O000J
0.0000 0.00001 0.0000 0.00001 0.0039 6.O000J

-0.7765 0.00001 0.0000 0.00001 0.0000 0.O000J
-0.0494 0.O000J 0.0000 0.00001 0.0000 0.O000J
-0.0029 0.00001 0.0000 0.0000J 0.0000 0.0000J
-1.0000 0.00001 0.0000 0.0000 0.0000 0.00001

Roll Dutch Roll Dutch Roll

.=-2.8919 X=-1.8691-2.6153J X=-1.8691+ 2.6153J

0.0000 0.0000J 0.0000 0.00001 0.0000 0.00001
0.0000 0.000J 0.0000 0.00001 0.0000 0.00001
0.0000 0.00001 0.0)00 0.00001 0.0000 0.0000J
0.0000 0.00001 0.000) 0.0001 0.0000 0.00001
1.0000 0.000)1 1.0000 -60.474J 1.0000 60.47-1J
0.0037 0.00001 0.2549 -0. 1567J 0.2549 0. 15671
0.0475 0.00001 -0.2563 0.59831 -0.2563 -0.5983J

-0.0164 0.00001 -0.1051 -0.1731J -0.1051 0.1731J

Short Period Short Period

= -1.3994-2.9561J ). = -1.8994+ 2.9561J
0.0056 -0.0083J 0.0056 0.0083J

-1.0000 -0.4514J -1.0000 0.4514J

-0.0007 0.0052J -0.0007 -0.0052J
-0.0011 -0.00 101 -0.0011 0.00101

0.0000 0.00001 0.0000 0.0O0J
0.0000 0.0000J 0.0)00 0.00001
0.0000 0.0000J 0.0000 0.00001
0.0000 0.00001 0.0000 0.O000J

eigenvector. Although the reconfigured gains provide positive steps toward regaining

the undamaged response, full performance recovery was not obtained due to the

undesirable orientation of the longitudinal right eigenvectors.

2. Case B

Figures 8.10 and 8.11 show the damaged longitudinal responses for the 50O

symmetric degradation case. Tables 17 and 18 depict the perturbed full order and

aircraft eigenstructures respectively. Table 19 shows the null space residuals. Note
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TABLE 14

CASE A NULL SPACE RESIDUALS

RESr'S'lIcrill = 0. 36547E-01

RESi='VIj~ljII = 0. 12511E+03
Mode lci.1 12 1C0

2-Norm DO- No rm 2-Norm 00 no rm

ShPer 0.34926E-02 0.31823E-02 0.33484E+02 0.23673E+02
ShPer 0.34926E-02 0.31823E-02 0.33484E+02 0.23673E+02
P11D 0.29547E-02 O.26955E-02 0.37790E+02 0.26721E+02
DRoll 0.43344E-02 0.36901E-02 0.90522E-02 0.70056E-13
DRoll 0.43344E-02 0.36901E-02 0.90522E-02 0.70056E-13
F Phug 0. 19289E-02 0. 17545E-02 0. 10999E+02 0. 77762E+01
Y3D 0.21797E-02 0.19839E-02 0.68938E+01 0.48743E+01
Roll 0.43476E-02 0.37847E-02 0.10488E+00 0.17306E-12
SPhug 0. 2923 5E-03 0. 26580E-03 0. 15057E+01 0. 12600E+01
Fitltr 0.68759E-04 0.52844E-04 0.20671E-01 0.11079E:14
FiJltr 0.1J4587E-02 0. 13553E-02 0. 11536E-01 0. 14597E-14
Filtr 0. 72043E-02 0. 655 18E-02 0. 69335E+00 0. 12940E:05
Eiltr 0.28572E-11 0.20878E-1l 0.27317E-01 0.33852E-15

Filtr 0.2552"E-12 0.17498E-12 0.23157E-01 0.56116E-08
Filtr 0.45755E-03 0.45448E-03 0.51955E-01 0.65734E-15
Spira 0.89445E-10 0.78303E-10 0.00000E+00 0-00000E+00
Filtr 0.49205E-12 0.38527E-12 0.00000E+00 0.00000E+00
Filtr 0. 00000E+00 0. 00000E+00 0. OOOOOE+00 0. 00000E+00

that the bad actors are again the short period, fast phugoid, and the same filter modes

as Case A. Additionally note the doubling of the residual sums from Case A to Case

B. The design procedure noted above for Case A was repeated for this case. Tables 20

and 21 show the reconfigured feedback gains and aircraft eigenstructure for Case B.

Figures 8. 12 and 8.13 show the reconfigured responses.

The lack of full performance recovery is more clearly demonstrated in these

reconfigured responses. Note that although the reconfigured phugoid (k -0.3699)
eigenvalue is a 26.250%" improvement over the damaged eigenvalue position (

-0.293), it is 27.73% slower than the undamaged value of -0.5 11. The reconfigured

short period eigenvalue (k = -1.505 ±j3.013) has not been shifted and has less modal

coupling to vertical velocity (-1.0000 ±jO.8656) than the undamaged short period

modes (-1.0000 ±jl.17738). The response curves also indicate that although the null

space constraints have been met, performance has not been fully recovered due, in

part, to the reorientation of the phugoid and short period right eigenvectors.
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TABLE 15

RECONFIGURED FEEDBACK GAINS FOR CASE A DAMAGE

SNZ ,AA R
RST 0.2 14E- 00 -0.13 1E+00 0.459E-03 0.OOOE + 00
LST 0.214E + 0( -0.131E + 00 0.459E-03 0.000E + 00
RLE -' .355E-02 0.7.15E-02 0.267E-01 0.0O)E + 0
LLE -0.355E-02 ().745E-02 0.267E-01 t..OE - 0ORTE 0.608E-02 -0.959E-02 0.462E-02 0.000E-00
LTE 0.608E-02 -0.959E-02 0.462E-02 0.000E +00
RA 0.OOOE + 00 0.000E +00 0.OOOE + 00 0.OOOE + 00
LA 0.OOOE + 00 0.OOOE + 00 0.OOOE + 00 0.OOOE + 00
RR 0.000E + 00 0.OOOE + 00 0.OOOE + 00 0.689E + 00
LR 0.OOOE + 00 0.OOOE + 00 0.OOOE + 00 0.689E + 00

P NY Cl C2
RST 0.240E-01 0.OOOE + 00 -0.261E-02 0.747E-03
LST -0.240E-01 O.OOOE + 00 -0.261E-02 0.747E-03
RLE 0.O00E + 00 0.000E + 00 -0.502E-03 0.000E + 00
LLE 0.O00 E+00 0.000E + 00 -0.502E-03 0.000E + 00
RTE 0. 192E-01 -0.264E-03 0.531E-03 0.O00E + 00
LTE -0.192E-01 O.O00E + 00 0.531E-03 O.000E + 00
RA 0.600E-O1 O.OOOE + 00 O.OOOE + 00 0.000E + 00
LA -0,600E-01 0.000E + 00 O.OOOE + 00 0.OOOE + 00
RR O.388E + 00 0.165E + 02 0.O00E - 0 0.000E ' 00
LR 0.388E + 00 0.165E + 02 0.000E + 00 0.000E - 00

C3 C4 C5 C6
RST -0.194E-0I -0.210E+00 -0.387E-01 0.OOOE + 00
LST -0.194E-01 -0.2 10E + 00 -0.387E-01 0.000E + 00
RLE -0.373E-02 0.941E-02 -0.746E-02 0.413E-01
LLE -0.373E-02 0.941 E-02 -0.746E-02 0.413E-01
RTE 0.395E.02 -0.125E-0 I 0.790E.02 0.00E + 00
LTE 0.395E-02 -1).125E-0I 0.790E-02 (O)OE + 00
RA 0.000E + 00 0.000E - 00 0.000E + 00 0.000E + 00
LA 0.O00E -+ 00 0.00)E + 00 O.OOOE + 00 0.O00E - 00
RR 0.000E + 00 0.OOOE + 00 0.000E + 00 0.OOOE + 00
LR 0.000E + 00 0.OOOE + 00 0.OOOE + 00 0.000E + 00

C7 C8 C9 CIO
RST O.OOOE + 00 O.OOOE + 00 O.OOOE + 00 O.OOOE + 00
LST 0.000E + 00 0.OOOE + 00 0.OOOE + 00 0.O00E + 00
RLE 0.436E-03 0.000E + 00 O.OOOE + 0) O.000E + 00
LLE 0.436E-03 0.000E + 00 0.O0OE + 00 0.00E - 00
RTE 0.2 14E-0 I 0000E 00E + 00 0.00E 00
LTE 0.214E-01 ').000E - 0 O.O00E + 00 O.000E + 00
RA 0.000E + 00 o.O00E + 00 0.OOOE + 00 0.O00E + 0)
LA O.000E + 00 0.OOOE + 00 O.OOOE + 00 0.000E + 00
RR O.OOOE +00 -0.856E-02 -0.494E-02 O.OOOE + 00
LR 0.OOOE + 00 -0.856E-02 -0.494E-02 0.00E + 00

C11 C12
RST 0.OOOE + 00 0.OOOE + 00
LST 0.OOOE + 00 0.OOOE+ 00
RLE 0.OOOE + 00 0.OOOE + 00
LLE 0.OOOE + 00 O.OOOE + 00
RTE 0.OOOE + 00 0.OOOE + 00
LTE 0.OOOE + 00 0.OOE + 00
RA 0.OOOE + 00 0.OOOE + 00
LA 0.OOOE + 00 0.000E + 00
RR 0.318E-02 O.OOOE + 00
LR 0.318E-02 0.OOOE+ 00
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TABLE 16
CASE A RECONFIGURED AIRCRAFT EIGENSTRUCTURE

Spiral Phugoid Phugoid

X = 0.0029 X = -0.0 183 + 0.00003 X = -0.-1616-0.OOOOJ
0.0047 0.0000J 1.0000 0.001J -0.4260 ).0000)J

-1.).C)04 1.(-)otJ -o. )5,.49 ,A II) ( . 1.0( i00 _ * (.) 01.)0)J
0.0)0 0.o IJ 0.000 O.OA)00J ).00 17 0.6 0 0J
0.0000 0.oN)0J 0.0000 0.00 oO(J -).003,7 ()0.000J1

-0.7769 0.0o00J 0.0000 0.O000J -0.0002 0.0000J
-0.0494 0.OOOJ 0.0000 0.00001J 0.0000 0.00001
-0.0029 0.0000J 0.0000 0.0000J 0.0000 0.00001
- 1.0000 0.0000J 0.0000 0.00001 0.0000 0.0000J

Roll Dutch Roll Dutch Roll

X= -2.8919 X = -1.8693-2.6152J k = - 1.8693 + 2.6152J

0.0000 0.00001 0.0000 0.000J 0.0000 0.0)OOJ
0.0000 O.AOooJ 0.0000 0.00001 0.0000 0.1)001
0.0000 ().010 0.0000 0.0000J 0.0000 0. o0001
0.0000 0.00001 0.0000 0.0000J 0.0000 0.000J

-1.0000 .(0001 -1.0000 -0.01301 - 1.0000 0 1 30J
-0.0037 0.OOO0J -0.0026 -0.00421 -0.0026 0-0042J
-0.0475 0.00001 0.0099 0.0042J 0.0099 -0.0042J

0.0164 O.000J -0.0029 0.0017J -0.0029 -0.00 17J

Short Period Short Period

X- -1.8758-2.9291J X= -1.8758 + 2.9291J

-0.0222 -0.0128J -0.0222 0.01281
-1.0000 -2.5686J -1.0000 2.5686J

0.0129 0.00141 0.0129 -0.0014J
-0.0023 -0.0029J -0.0023 0.00291
-0.0014 -0.00101 -0.0014 0.0101j

0.0000 0.00001 0.0000 0.00001
0.0000 0J 0.0000 0.0000J
0.0000 0.00001 0.0000 0.OOuoOJ

S.

The design procedure. for Case B was therefore modified to enhance

performance recovery in the following way. Inspection of the left residual null vector.

Scli, for the short period, phugoid, and PIID filter modes revealed that the residuals

were predominantlv due to the real part of the null vector. In order to reduce the

norm of the residuals, the real parts of fast elements (9-43,45,47) were therefore

unrestricted during the minimization. In this way the elements of the slow left

eigenvector which corresponded to the faster actuator and sensor modes, were allowed

to assume the dominant role in the orientation. Upon completion of this minimization,

105

€e



0

o LEGEND
CU o = UNDAMAGED PITCH ATT

x = 25% SYM DAMAGED PITCH ATT
c 0 = RECONFIGURED PITCH ATT
CU

Ckp

C CXu

Cu

c

6-

10

• --p -.v -'. ."."""."'." .# . ,'2...2.:' ."<v .'.'.,,. ' ' ',' .-.% '..' ',.,. :-..--- ,, . ,



0
-

LEGEND
o = UNDAMAGED PITCH RATE
x = 25% SYM DAMAGED PITCH RATE
* = RECONFIGURED PITCH RATE

0

*.-

C,,
4.

0.0 1.0 2.0 3.0 4.0 5.0 6.0

TIME - SECONDS
Figure 8.9 Case A Reconfigured Pitch Rate Response.
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final values of RESr = 0.07127 and RES, - 72.7 were obtained. Again note the right

residual sum, RESr, indicates that the new right eigenvectors remain in the allowable

right null space. The fast eigenspace was inserted into the thirty-seven fast modes in a

similar fashion as before and the reconfigured gains were recomputed.

The resulting eigenstructure revealed that performance had improved

somewhat but additional recovery was required. The fast phugoid. short period, and

P9D filter modes exiibited short !'ails when :onmoared :o he undamazed modai

structure. As noted previously, a procedure at this point would be to compare the

present right eigenvectors with those which give rise to performance recovery but

perhaps a penalty in the eigenvalue location. One such design was performed in the

following fashion. By modifying the objective function during the ADS minimization

to represent the absolute value of the sum of the components of the left null vector. Eli,

a different set of right eigenvectors was computed. As these particular eizenvectors

gave rise to a RES, = 199.5 and RESr = 0.0066, the resulting closed loop eigenvalues
were not exactly invoked due to the value of RES1 , However. the response of the

system exhibited better performance recovery. Upon comparing the slow phugoid.

short period, and P9D filter modal structures with these better performing structures,

noted differences in the structure were evident. Therefore, the right eigenvector modes

for the slow phugoid. short period, and P9D filter were replaced with the better

performing vectors which gave rise to better performance recovery. The new

reconfigured gains and aircraft eigenstructure are shown in Tables 22 and 23. The
responses are shown in Figures 8.14 and 8.15. Note the shift of the phugoid to

-0.43006 and the modal structure of the short period. The slow phugoid has been

shifted to 84.10 0 of the undamaged value vice 72.4% in the first Case B design. This is

a 26.81/'o increase over the damaged slow phugoid location vice a 15.1o increase in the

first design. Note the improved responses in Figures 8.14 and 8.15.

This particular method of performance recovery is not to be taken as a

standard by any means. It is simply one which was successful for the design problem

at hand. Further research would entail developing a more systematic procedure for

recovering desired performance. For example. if one were to simply insert the
undamaged modal structures for the slow phugoid, short period, and P9D filter.

performance would improve but at the expense of the slow eigenvalue locations.

In summary, one converged on an allowable eigenvector set which will invoke

eigenvalue locations via the feedback gain equation but lacks full performance recovery
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in the short period and slow phugoid modes. Performance recovery was obtained by
comparing modal short falls with a right eigenvector set which was known to give rise

to better performance recovery and then inserting the better performing modal
structures. Feedback gains were then recomputed and the responses improved.

F. THE ASYMMETRIC DEGRADATION PROBLEM
Asymmetric stabilator degradation was simulated by linearly decreasing only the

right stabilator control effectiveness via appropriate modification or the gain matrix.

Tables 24 and 25 show the perturbed full order eigenvalues and aircraft eigenstructure

respectively. The predominant change in the location of the eigenvalues occur in the
slower phugoid (X = - 0.464) and short period modes which is the same pattern as

Case A. The significant difference however between Case C and the symmetric cases
lie in the eigenvectors of the aircraft modes. Note the modal cross coupling for all the
aircraft modes in Table 25. The significant cross coupling ternis are noted as the roll

mode coupling to vertical velocity, the short period coupling to side velocity, the spiral
mode coupling to forward velocity, and dutch roll mode coupling to vertical velocity.

Figures 8.14 through 8.17 show the resulting damaged responses to the 1.0 in 3.0 sec
longitudinal command. The longitudinal responses are rather benign, however the

resulting undesired bank angle and yaw rate responses are clearly depicted. This bank

angle and yaw rate coupling was of course not present for the symmetric degradation

cases.

A solution method posed for this problem involves a superposition technique.

Since the 25% symmetric case has been solved, one already has computed the gains
which reconfigure such a system. A superposition technique would allow one to use

the portion of these gains which would symmetrically balance the asymmetric control
deficiency. Once the aircraft has regained its undamaged response, these balancing

gains would then be removed and the gain values would be reset to their unperturbed
values. The decision as to whether the aircraft had regained its undamaged

longitudinal structure could then be based on the presence of roll or yaw. If one used,

for example, bank angle sensing as decision criteria, one in effect has designed a roll
detection reconfiguration controller. This type of controller was used as a solution

technique. Note that this technique is actually a digital switch which is evident upon

examining the reconfigured responses in Figures 8.16 through 8.19. A system
advantage of such a controller might be that one would be required to store symmetric
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reconfiguration gains only. Asymmetric reconfiguration could then be invoked by a
roll detection switch. Figures 8.16 through 8.17 depict the reconfigured responses
subsequent to such a reconfiguration technique. Table 24 shows the reconfigured gains

which are invoked during the time the aircraft is experiencing unacceptable bank

angles. Note that the bank angle response. although oscillatory, exhibits far less
coupling. The yaw rate response is also oscillatory and has decreased in amplitude.
Additional research would involve investigating the origin of the oscillation and
perform a smoothing of the responses. The important item here is that the technique

exhibits successful regaining of the undamaged bank angle response. One would then
be able to solve several asymmetric problems using the corresponding symmetric
solutions.
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TABLE 17

CASE B(50% SYMMETRIC) DAMAGED C-LOOP EIGENVALUES

Z-Plane Roots S-Plane Roots
1.0000 O.O000J 0.000 0.000J1.0000 O.0001J 0.000 O.O00J1.0000 0.0000J 0.003 O.00J Spiral
. )( ))() ).( )0(J r) )03 ( ). )(I )J

0.9997 0.000J -0.022 0.00J Phugoid0.9963 0.0000J -0.293 O.OOOJ Phyoid0.9876 0.0000J -1.000 0.O00J
0.9868 0.000 -1.066 0.O00J0.9821 0.000J - 1.442 0-000J
0.9753 0.0000J -2.000 0.000J0.9753 0.0000J -2.000 0.000.9753 0.O0)J -2.004 0.000J
0.9646 O.000J -2.880 0.000J Roll0.9764 -0.0319J -1.868 -2.6151 Dutch Roll0.9764 0.0319J -1.868 2.615J Dutch Roll0.9595 0.00001 -3.306 0.00010.9804 -0.0375J -1.527 -3.056J Short Period0.9804 0.03 75J -1.52 7 3.056J Short Period0.8403 0.0000J -13.922 0.O00J0.7435 0.0000J -23.710 0.000J0. 7109 0.0000J -27..92) 0.000J
0.71107 .0000J -27.326 0.000J0.6988 -0.2220J -24.821 -24.612J0.698S 0.2220J -24.821 24.612J0.6985 -0.22231 -24.848 -24.652J0.6985 0.221 -24.848 24.652J
0.7625 -0. 324 -14.920 -32.447J0.7625 0.32741 -14.920 32.447J0.7595 0.3345J -14.914 33.183J0.7595 -0.33451 -14.914 -33.183J0.4907 -0.06121 -56.334 -9.93410.4907 0.0612 -56.334 9.934J0.4119 0.0000J -70.965 0.0010.-267 0.3259J -49.749 52.187J0.4267 -0.3259J -49.749 -52.187J
0.4191 0.3947J -44.1-3 60.434J0.4191 -).3947J -44.173 -60.434J0.4181 .0.3950J -44.250 -60.555J0.4181 0.3950J -44.25) 60.555J0.3601 6.000 -81.707 0.000J0.3601 0.0000J -81.708 0.000J0.2247 0.4024J -61.967 84.933J0.2247 -0.4024J -61.967 -84.933J0.2238 0.4019J -62.120 85.01930.2238 -0.4019J -62.120 -85.01910.1226 0.00001 -167.878 0.00010.1222 0-0000J -168.188 0.00)10.1208 0.00001 -169.101 0.0001-0.0042 -0.0203J -309.929 -141.9101-0.0042 0.0203J -309.929 141.91030.0017 0.00841 -380.871 109.936J0.0017 -0.0084J -380.871 -109.936J0.0032 0.00001 -459.806 0.00J0.0032 0.00001 -460.650 0.000J
0.0031 0.00001 -461.257 0.0001
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TABLE 18

CASE B (50% SYMMETRIC DAMAGE) AIRCR\FT
EIGENSTRLCTL RE

Spiral Phugoid Phugoid

- 0.0029 + O.OOOOJ X = -0.0216 + O.O000J k -0.2929 + O.OOOJ

0.0000 0.00001 -1.0000 0.00001 0.8985 0.00003
0.0000 0.00001 0.0575 0.0000J -1.0000 0.O000J
0.0000 0.0000J 0.0000 0.00001 -0.0016 0.000J
0.0000 0.O00OJ -0.0001 0.0000J 0.0056 0.O.0J
0.7766 O.OOOOJ 0.0000 0.00001 0.0000 0.0000J
0.049,4 0.0000J 0.0000 0.00001 0.0000 0.0000
0.0029 0.0000J 0.0000 0.0000J 0.0000 0.00001
1.0000 0.0000J 0.0000 0.O000J 0.0000 0.00001

Roll Dutch Roll Dutch Roll

= -2.8796 + O.000 = -1.8680-2.6153J X -1.8680+ 2.6153J

0.0000 0.0000J 0.0000 0.00001 0.0000 0.0000J
0.0000 0.00001 0.0000 0.0000J 0.0000 0.0001
0.0000 0.0000J 0.0000 0.0000J 0.0000 0.000J
0.0000 0.0000J 0.0000 O.000J 0.0000 0.0000J
1.000) 0.O000J 1.0000 -0.8315J 1.0000) 0.8315J
0.0037 O.000J 0.0061 0.0020J 0.0061 -0.0020J
0.0473 O.000J -0.0134 0.00.11J -0.013.4 -0.04)41J

-0.0164 0.00001 0.0014 -0.0041J 0.0014 0.0041J

Short Period Short Period

= -1.5271-3.0560J X= -1.5271 + 3.0560J

0.0300 0.0098J 0.0300 -0.0098J1.0000 -3.20901 1.0000 3.2090J
-0.0157 -0.0025J -0.0157 0.0025J

0.0027 -0.0038J 0.0027 0.0038J
0,0000 0.000J 0.0000 0.0000J
0.0000 0.00003 0.0000 0.00001
0.0000 0.00001 0.0000 0.00003
0.0000 0.00001 0.0000 0.0000J
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TABLE 19

CASE B NULL SPACE RESIDUALS

RESr=JICri112 = O.71177E-01

RESl=S =~lil 2 = 0. 24853E+03

Mode IIcrill IICl II
2-Norm 0O-Norm 2-Norm xOnorm

ShPer 0.69848E-02 0.63638E-02 0. 66958E+02 0.47344E+02
ShPer 0.69848E-02 0.63638E-02 0.66958E+02 0.47344E+02
P11D 0.59112E-02 0.53929E-02 0.75575E+02 0.53439E+02
DRoll 0.80799E-02 0.75772E-02 0.18091E-01 0.70056E-13
DRoll 0.80799E-02 0.75772E-02 0.18091E-01 0.70056E-13
FPhug 0.38560E-02 0.35073E-02 0.21993E+02 0. 15551E+02
Y3D 0.43562E-02 0.39647E-02 0. 13785E+02 0.97474E+01
Roll 0.84017E-02 0.74468E-02 0.20977E+00 0.17306E-12
SPhug 0.58469E-03 0.53156E-03 0.20722E+01 0.12600E+01
iltr 0. 12966E-03 0. 11710E-03 0.41343E-01 0. 11079E-14

Filtr 0.29424E-02 0.27095E-02 0.23058E-01 0.14597E-14
Filtr 0.14411E-01 0.13104E-01 0.69341E+00 0.12940E-05
Filtr 0.28594E-11 0.20895E-h1 0.54636E-01 0.33852E-15
Filtr 0.42821E-12 0.35023E-12 0.23159E-01 0.56116E-08
Filtr 0.45401E-03 0.45067E-03 0.10299E+00 O.65734E-15
Spira 0.17388E-09 0.15661E-09 O.OOOOOE+00 0.O0000E+00
Filtr 0.50470E-12 0.38527E-12 0.00000E+00 O.00000E+00
Filtr O. 0O0000EO0 O. OOOOOE+00 O. OOOOOE+00 O. OOOOOE+00
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TABLE 20

RECONFIGURED FEEDBACK GAINS FOR CASE B DAMAGE

Q NZ AA R
RST 0.214E 00 -0.131E+00 0.256E-03 0.O00E + 00
LST 0.214E+00 -0.131E+00 0.256E-03 0.000E - 00
RLE -0.480E-02 0.gq3E-02 0.285E-01 O.O00E + 0O
LLE -0.480E-02 0.993E-02 0.285E-0l 0.i)E 00
RTE 0. 1 16E-0 1 -0.179E-0 1 -0.SS2E-U3 0.0)E + 00
LTE 0.116E-01 -).1 /9E-0I -0.843JE-03 0.000E - 60
RA O.OOOE + 00 O.OOOE+0O OOOE + 00 0.O00E + O)
LA O.OOOE + 00 O.OOE + 00 O.OOOE + 00 O.OOOE -r- 00
RR 0.O00E + 00 0.OOE + 00 0.OOOE + O 0.689E+00
LR O.OOOE+ 00 0.O00E +00 0.O00E +00 0.689E +00

P NY CI C2
RST 0.240E-01 O.OOOE + 00 -0.258E-02 0.748E-03
LST -0.240E-01 0.OOOE + 00 -0.258E-02 0.74SE-03
RLE 0.OOOE + 00 0.OOOE + 00 -0.664E-03 0.000E + 00
LLE 0.000E+00 0.OOOE + 00 -0.664E-03 0.0O0E + 00
RTE 0.192E-01 -0. 240E-03 0.978E-03 0.OOOE + 00
LTE -0.192E-01 -0.141E-03 0.,80E-03 0.OOOE - 00
RA 0.600E-O1 O.O0OE + O0 0.OOOE + 00 0.OOOE + 00
LA -0.600E-O1 O.OOE + 00 O.OOOE + 00 0.OOOE + 00
RR 0.388E+00 0. 165E + 02 O.OOOE + 00 O.O00E + 00
LR 0.388E+00 0.165E+02 O.OOOE+ 0 0.00E +00

C3 C4 C5 C6
RST -0.192E-01 -0.211E+00 -0.384E-01 0.000E + 00
LST -0.192E-01 -0.211E+00 -0.384E-01 0.OOOE + 00
RLE -0.494E-02 0.126E-01 -0.988E-02 0.413E-0l
LLE -0.494E-02 0.126E-01 -0.98SE-02 0.413E-01
RTE 0.727E-02 -0.235E-01 0.145E-01 -0.11 2E-03
LTE 0.727E-02 -0.235E-01 0.145E-01 -0.111E-03
RA O.OOOE + 00 O.OOOE + 00 O.OOOE + 00 0.OOOE + 00
LA O.O00E + 00 0.OOOE + 00 O.OOOE + 00 O.OOOE + 00
RR O.OOOE + 00 O.O0OE + 00 O.OOOE + 00 0.-OE + 00
LR 0.OOOE + 00 0.OOOE + 00 0.OOOE + 0O0 .OOOE + 00

C7 C8 C9 CIO
RST 0.OOOE + 00 O.OOE + 00 O.OOOE + 00 0.OOOE + 00
LST 0.OOOE + 00 0.OOOE + 00 O.OOOE + 00 O.OOOE + 00
RLE 0.589E-03 O.OOOE + 00 0.OOOE +0 0.00E + 00
LLE 0.589E-03 .OOOE +0O 0.OOOE + 00 .OOOE + 00
RTE 0.210E-01 O.OOOE + 00 O.OOOE + 00 0.OOOE + 00
LTE 0.210E-0l O.000E + 00 O.OOOE + 00 0.OOOE + 00
RA 0.OOOE + 00 O.OOOE + 00 O.OOOE + 00 0.OOOE + 00
LA 0.OOOE + 00 0.OOOE + 00 0.OOOE + 00 O.OOOE + 00
RR O.OOOE+00 -0.856E-02 -0.494E-02 O.OOOE+00
LR O.OOOE + 00 -0.856E-02 -0.494E-02 O.OOOE + 00

CIlI C12
RST 0.OOOE + 00 0.OOOE + 00
LST 0.OOOE + 00 0.OOE + 00
RLE 0.OOOE + 00 0.OOE + 00L LEOOE+ 00 0.000E + 00

0F .000E + 00 0.O00E + 0
LTE 0.OOOE + 00 0.OOOE + 00
RA O.OOOE + O0 O.OOOE + 00
LA O.OOOE + 00 O.OOOE + 00
RR 0.317E-02 O.OO0E + 00
LR 0.318E-02 O.OOOE+ 00
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TABLE 21

CASE B RECONFIGURED AIRCR-FT EIGENSTRUCTURE

Spiral Phugoid Phugoid

2. = -0.0029 . - -0.0202 + O.O000J = -0.3699 + O.O000J

0.0298 O.000J -1.0000 0.00003 0.6586 0.0000J
-0.0017 0.O000J 0.0535 0.O000J -1.0000 0.O000J

0.0000 0.O000J 0.0000 0.O000J -0.0019 0.O000J
0.0000 0.0000 -0.0001 0.0000J 0.0051 0.0000J

-0.7768 0.00003 0.0000 0.0000J 0.0002 0.00003
.0.0494 0.O000J 0.0000 0.0000J 0.0000 0.O000J
-0.0029 0.00003 0.0000 0.00003 0.0000 0.00001
1.0000 0.00003 0.0000 0.O000J 0.0000 0.O000J

Roll Dutch Roll Dutch Roll

k = -2.8796 =-1.8682-2.6152J =-1. 8682 + 2.6152J

1.0000 0.O000J 0.0000 0.000J 0.0000 .000J
0.0000 0.00003 0.0000 -0.000J 0.0000 0.0008J
0.0000 0.O000J 0.0000 0.000J 0.0000 0.O000J0,0000 0.000J 0.0000 0.000J 0.0000 0.0001
1.0000 0.000J -1.0000 1.2658J -1.0000 - 1.2658J
0.00)37 O.O000J -0.0079 -0.0008SJ -0.0017 0.0008J
0.0472 0.O000J 0.0152 -0.0083J 0.0090 0.0085J

-0.0164 0.00003 -0.0006 0.0054J -0.0033 -0.0054J

Short Period 5hort Period
x= -1.5052-3.01343 =- 1.5052 + 3.0134J

-0.0085 -0.0096J -0.0085 0.0096J
-1.0000 0.8656J -1.0000 -0.8656J

0,0046 0.0041J 0.0065 -0.0041J
-0.0017 0.0007J -0.0018 -0.0007J
-0.0004 0.0000J -0.0004 0.00003

0.0000 0.0)OOJ 0.0000 0.0000J
0.0000 0.0000J 0.0000 0.000J
0.0000 0.0000J 0.0000 0.0000J
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Figure S. 12 Case B Reconfigured Pitch Attitude Response.
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Figure 8.13 Case B Reconfigured Pitch Rate Response.
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TABLE 22

PERFORMANCE RECOVERY FEEDBACK GAINS FOR CASE B
DAMAGE

SNZ A.4 R
RST 0.213E-00 -0.244E-,-00 0.184E-02 0.OOOE--00
LST .214E'4 -0 " . S-E-'42 0.onE --)W
RLE -0.175E-01 -,). .. 1 I- I .. ,E-.i '"E -ii
LLE -0).175E-0)1 -1.I,-;8E-,4L ').5OiE-,1 i.iiii4L -,iu
RTE 0.204E-01 0.127E,- 01 0.61SE-02 0.o0E - A)in
LTE 0.204E-01 0. 127E4-01 0.619E-u2 1.,oooE -00
RA O.000E + 00 0.O00E + 00 0.000E -00 0. 000E - (W
LA O.OOOE + 00 0.O00E + 00 0.O00E - 00 0.oA)OE 0- 60
RR 0.OOOE + 00 0.157E-03 0.O0OE + 00 0.6S9E - 0o
LR O.OOOE + 00 0. 105E-03 0.O00E -00 0.0S9E - 0

P IVY Cl C2
RST 0.240E-01 O.000E + 00 -0.271E-02 0.7-4E-oS
LST -0.240E-01 0.000E 4- 00 -0.2 71 E-02 0.,44E-03
RLE 0.000E + 00 0.000E + 00 -0.360E-02 0.00E - 00
LLE 0.000E+00 0.OOOE + 00 -0.360E.02 0.000E - 00
RTE 0. 192E-0 I O.0oOE )0 0.222E-02 .on)A)E - f)(
LTE -0.192E-01 0.O00E ;-00 0.222E-02 0.000E - 00
RA 0.600E-0 1 0.000 F - 00 0.01E - 00 0. 00)E - 0)
LA -0.600E-01 0.000E + 00 0.000E - 0.0ooE - 00}
RR 0.388E + 00 0. o 5E + 02 0.O00E o , (n , E - 10
LR 0.388E+00 Q.165E+02 0.OO)E + 00 0.000E- )0

C3 C4 C5 C6
RST -0.202E-01 -0.208E + 00 -0.403E-01 0.00E 0 _ 00
LST -0.202E-01 -0.20SE + 00 -0.403E-01 0.O00E - 00
RLE -0.267E-01 0.399E-01 -0.535E-01 0.41SE-01
LLE -0.267E-01 0.399E-01 -0.535E.01 0.41SE-O1
RTE 0.205E-01 -0.453E-01 0.33OE-01 0. lSoE-02
LTE 0.205E-01 -0.,53E-01 0.33OE-0I 0.186E-02
RA 0.666E + 00 0.OOOE + 00 0.000E 4- 00 0.00E - 00
LA 0.OOOE + 00 0.000E + 00 0.OOOE + 00 0.OOE - oO
RR O.OOOE + 00 0.000E + 00 0.000E + 0) 0.O00E + 00
LR O.OOOE + 00 O.OOOE 4- 00 O.OOOE + 00 O.OOOE -6

C7 C8 C9 CIO
RST 0. 145E-()3 0.OOOE -- 00 0.000E + 00 Q.000E -00
LST 0. 145E-03 0.000E -- 00 0.0o0E - )0 0.OOE 4-0
RLE 0.233E-02 0.000E+ 00 0.000E + 00 O.0OE - )0LLE 0. 233E-02 0.000 E + 00 .0BE -00 ).00l)E - on
RTE 0. 205E-01 O.OOOE 00 O00OE + 00 0.00()E - 06
LTE 0.203E-01 O.OOOE + 00 0.00E + 61) o. o00 E + 0)
PA 0.OOOE + 00 O.OOOE + 00 O.OOOE + 00 O.000E + (0
LA 0.OOOE + 00 0.000E + 00 0.000E + 00 0.000E + 00
RR 0.OOOE + 00 -0.856E-02 -0.494E-02 0.C0(OE + 00
LR 0.OOOE + 00 -0.856E-02 -0.494E-02 0.00E + 00

CRl C12
RST 0.OOOE + 00 0.OOOE + 00
LST O.OOOE + 00 0.OOOE + 00
RLE 0.OOOE + 00 0.OOOE + 00
LLE 0.OOOE + 00 0.000E + 00
RTE 0.OOOE + 00 0.000E + 00
LTE 0.OOOE + 00 0.O00E + 00
RA 0.00E + 00 O.O00E + 00
LA O.OOOE + 00 0.000E + 00
RR 0.317E-02 0.OOOE + 00
LR 0.318E-02 0.OOOE+ 00
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TABLE 23

CASE B PERFORMANCE !.ECOVERY AIRCRAFT EIGENSTRUCTURE

Spiral Phugoid Phugoid

= -0.0029 = -0.0182 + 0.OOOOJ X = -0.4301 + 0.0000J

0.0002 0.0000J -1.0000 0.0000J 0.5162 0.0000J
0.0000 0.O000J 0.0490 0.0000J -1.0000 0.O000J
0.0000 0.0000J 0.0000 0.0000J -0.0019 0.O000J
0.0000 0.00003 -0.0000 0.00003 0.0045 0.00003
0.7394 O.OOOOJ 0.0000 0.0000J 0.0003 0.0000J
0.0494 0.00003 0.0000 0.O000J 0.0000 0.0000J
0.0000 O.0000J 0.0000 .0000J 0.0000 0.0000J
1.0000 0.00003 0.0006 -0.000J 0.0000 0.000

Roll Dutch Roll Dutch Roll

S=-2.S797 I - .S682-2.6152 -- 1.8682 + 2.6 152J

0.0000 0.0000J 0.0000 0.O000J 0.0000 -. 000
0.0000 0.0000J 0.0000 0.000 0.0000 0.000
0.0000 .00J 0.0000 0.000J 0.0000 3.1000
0.0000 0.000 0.0000 0.000J 0.0000 0.000J

-1.0000 1.0000J -1.0000 -2.4534J -1.0000 2.4534J
0.0092 6.0008J 0.00 0.00 .07J

-0.0472 0.00003 -0.0002 0.02S6J -0.02 -0.0286J
0.0164 0.O000J -0.0072 -0.0052J -0.0072 0.0052J

Short Period Short Period
S= -1.4342-3.1480J t, = - 1.4' 42 + 3.1480J

-0.0159 0.0082J -0.0159 -0.0082J
-1.0000 -1.*748IJ -1.0000 1.7..8 IJ

0.0092 -0.00)38J 0.0092 0.0038J
-0.0021 -0.0020J -0.0021 0-002WJ
-0.0004 0.0000J -0.000-1 0.0000)J
0.0000 0.00003 0.0000 .J
0.0000 0.00003 0.0000 0. )000J
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Figure 8.14 Case B Performance Recovery Pitch Attitude Response.
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,"Figure 8.15 Case B Performance Recovery Pitch Rate Response.
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TABLE 24
CASE C(25% ASYMMETRIC) DAMAGED C-LOOP EIGENVALUES

Z-Plane Roots S-Plane Roots Mode
1.0000 0.0000J 0.000 0.0003
1.0000 0.0000J 0.000 0.000J1.0000 0.0000J 0.003 O.O00J Spiral

1.0000 0.000J 0.004 O.O00J
0.9998 0.0000J -0.018 0.000J Phugoid
0.9942 0.00001 -0.464 O.O00J Phugoid

0.9876 0.0000J -1.000 0.000J
0.9860 0.0000J -1.129 0.0003
0.9821 0.00003 -1.443 0.0001
0.9753 0.00003 -2.000 0.0003
0.9753 0.0000J -2.000 0.0001
0.9753 0.00001 -2.004 0.0003

0.9644 0.0000J -2.898 O.O00J Roll
0.9764 -0.0319J -1.870 -2.616J Dutch Roll
0.9764 0.0319J -1.870 2.616J Dutch Roll
0.9736 0.0347J -2.092 2.852J Short Period0.9736 -0.0347J -2.092 -2.852J Short Period

0.9558 0.00001 -3.613 0.O00J
0.8409 0.000J -13.861 0.0003
0.756'7 0.O00J -22.30 5 0.000J
0.7109 0.O000J -27.292 0.000J
0.7106 0.O000J -27.329 0.0003
0.6988 -0.2220J -24.821 -24.612J
0.6988 0.2220J -24.821 24.612J
0.6985 -0.2223J -24.S49 -24.651J0.6985 0.2223J -24.849 24.65 1J
0.7651 -0.3216J -14.912 -31.832J
0.7651 0.3216J -1,4.912 31.832J
0.7597 -0.3344J -14.906 -33.172J, 0.7597 0.3344J -14.906 33.172J
0.4907 -0.0613J -56.336 -9.940J

, 0.4907 0.0613J -56.336 9.940J
0.4119 0.0000J -70.951 0.0003
0.4267 -0.3259J -49.749 -52.187J
0.4267 0.3259J -49.749 52.187J
0.4191 0.3947J -44.173 60.434J
0.4191 -0.3947J -44.173 -60.434J
0.4181 -0.39503 -44.250 -60.555J
0.4181 0.39503 -44.250 60.555J
0.3601 0.0000J -81.707 0.0003
0.3601 0.00003 -81.708 0.000J
0.2253 0.4029J -61.847 84.866J
0.2253 -0.4029J -61.847 -84.866J
0.2238 0.4019J -62.116 85.017J
0.2238 -0.4019J -62.116 -85.017J
0.1226 0.00003 -167.883 0.0003
0.1217 0.00003 -168.484 0.000J
0.1208 0.O000J -169.101 0.0003

-0.0042 0.0203J -309.929 141.910J
-0.0042 -0.0203J -309.929 -141.910J

0.0017 0.0083J -381.951 109.379J
0.0017 -0.0083J -381.951 -109.379J
0.0033 0.00001 -458.310 0.O00J
0.0032 0.00001 -460.648 0.000J
0.0031 0.00003 -461.236 0.0003
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TABLE 25

CASE C (25% ASYMMETRIC DAMAGE) AIRCRAFT
EIGENSTRUCTURE

Spiral Phugoid Phugoid

X = 0.0029 + O.O000J X= -0.0179 + O.O000J = -0.4641 + O.OOOJ

-0.0222 0.0000J -1.0000 0.O000J -0.4041 0.0000
0.0012 O.000J 0.0561 0.O000J 1.0000 0.0000
0.0000 0.0000J 0.0000 0.00001 0.0016 0.0000
0.0000 0.00001 0.0000 0.00001 -0.0034 0.0000

-0.7765 0.0000J 0.0016 O.O000J -0.0030 0.0000
-0.0494 0.00003 0.0001 -0.00061 0.0001 0.0000
-0.0029 0.00003 0.0000 0.0002 -0.0010 0.0000
-1.0000 0.00003 0.0024 0.0000J 0.0021 0.0000

Roll Dutch Roll Dutch Roll

S= -2.8978 4- O.O00J k = -1. 869 7- 2.6156J k = -1.8697 + 2.6156

0.0002 O.O000J -0.0001 -0.O006J -0.0001 0.0006
-0.0114 0.0000 -0.0526 0.0220J -0.0526 -0.0220

0.0000 0.O000J 0.0002 0.0002J 0.0002 -0.0001
0.0000 0.000J -0.0001 -0.000 -0.0001 0.00001.0000 0.000J 1.0000 -2.3749 J 1.0000 2.37-49
0.0037 O.O000J 0.01)26 -0.0021J 0.012 6 0.00211
0.0477 0.0000J -0.0196 0.0197J -0.0196 -0.0197

-0.0165 0.000J -0.0014 -0.0085J -0.0014 0.0085

Short Period Short Period

= -2.0921 + 2.8524J X = -2.0921-2.8524J

-0.0027 -0.0087J -0.0027 0.0087J
1.0000 -0.0450J 1.0000 0.0450J

-0.0015 0.0045J -0.0015 -0.0045J
0.0013 -0.0004J 0.0013 0.0004J

-0.0491 0.0123J -0.0491 -0.0123J
-0.0001 0.0002J -0.0001 -0.0002J

0.0012 O.000J 0.0012 0.00001
-0.0002 -0.0003J -0.0002 0.0003J
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0

LEGEND
o = UNDAMAGED BANK ANGLE
x = 25% ASYM DAMAGED BANK ANGLE
0 = RECONFIGURED BANK ANGLE

Ui

0

12

0*

0

TIMEI - EOI

Figure 8.16 Case C Bank Angle Responses.
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LEGEND
o = UNDAMAGED YAW RATE
x = 25% ASYM DAMAGED YAW RATE
0 = RECONFIGURED YAW RATE
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Figure 8.17 Case C Yaw Rate Responses.
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LEGEND
o = UNDAMAGED PITCH RATE

oi x = 25% ASYM DAMAGED PITCH RATE
0 = RECONFIGURED PITCH RATE
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0.0 1.0 2.0 3.0 -C.0 5 .0 6.0
TIME -SECONDS

Figure 8.19 Case C Pitch Rate Responses.

129

II0



TABLE 26

RECONFIGURED FEEDBACK GAINS FOR CASE C DAMAGE

Q NZ AA R
*RST 0. 214 E - 0 -0.13IEA-00 0.0OOE +00 0.OOOE +00

LST 0.2 14E + 00 -(0.131 E +00 -0.3 23E-03 0.000E + 00
RLE 0.OOOE 4-00 0.000E + 00 0.2)09E-01 0.000E + 00
LLE -0.109E-02 0.214E-02 .0. 2oE-o2 o(H)430E + 'PG
RTE o..600 E -r 10 o.4))0E + Joo 0. 1 10E-oI 0.)UU0E + 04)
LTE O.3'94E-o2 -o.20SE-02 0.427E-01 I .OO0E + 00
PA 0.OOE +00 0.OOOE-+-00 O.OOOE- 00 .OE + 00
LA 0.OOOE +09) 0.OOOE +0 00 .OOOE +00 0.OOOE +00
RR 0.OOOE +00 0.00E + 00 0.OOOE + 00 0.689E+00
LR O.OOOE +0 00 .OOOE +00 0.OOOE +00 0.689E +00

P NY Cl C2
RST 0.240E 01 0.OOOE +00 -0.257E-02 0.748E-03
LST -0. 240E-01 I .OOOE + 00 -0.259E-02 0.748E-03
RLE 0.OOOE +00 0.OOOE + 00 0.OOOE + 00 0.000E + 00
LLE 0.OOOE +00 0.OOOE+O0 -O.3 64E-03 O.OOOE+00
RTE 0.192E-01 0.OOOE +00 0-000E +00 0.OOOE +00
LTE -0. 192E-01I 0.000E + 00 0. 3 22-E -03 0.OOOE + 00
RA 0.600E-01 I 0.OOOE +00 0.OOOE +00 0.OOOE+ 00
LA -0.600E-01 0.OOOE +00 0.OOOE + 00 O.OOOE +00
RR 0.388E-'00 0. 165E +02 0.00E +00 0.OOOE+ 00
LR 0.3SSE +4-00 0. 165E -+-- 02 0.OOOE + 00 0.OOOE + 00

C3 C4 C5 C6
RST -0.191E-01 -0.211E + 00 -0.383E-01 0.OOOE +00
LST -0.193E-01 -0.211 E +00 -0.385E-01 0.OOOE +00
RLE 0.OOOE + 00 0.OOOE + 00 0.OOOE +-00 0.412E-0 1
LLE -0.271E-02 0.43 1E-02 -0.541 E-02 0.403E-01
RTE 0.OOOE +00 0.OOE +00 0.OOOE +00 0.00E + 00
LTE 0.240E-02 -0.523E-02 0.479E-02 0.210E-02
PA 0.O000E -100 0.OOOE +00 0.000E - 0 0.OOOE+ 0
LA 0.OOOE + 0)0 0.OOOE + 00 0.OOOE +-00 0.OOOE + 00
RR 0.OOOE +00 O.OOOE +00 0.000E 4- 00 0.OOOE +00
LR 0.OOOE +00 0.OOOE +00 0.000E + 00 0.OOOE +00

C7 C8C9 CIO
RST 0.OOOE + 00) 0.OOOE + 00 0.OOOE + 00 0.OOOE + 00
LST 0.OOOE + 00 0.OOOE + 00 0.OOOE + 0)0 0.OoOE + 00
RLE 0.OOOE +00 0.OOOE +00 0.OOOE +00 0. 000)E00
LLE -0.252E-02 0.OOOE +00 0-000E +00 0.000OE '00
RTE 0.21 9E-01I 0.OO0O)E + 00 0.OOOE 4- 00 0.000E + 00
LTE 0.241 E-0 1 0.OOOE +4)0) 0.O00E +4)0 0.000 E + 00
PA 0. 000)E + 00 0.O04)E + 00 0.000E + 00 0.00OOE + 00

ILA 0.OOOE +00 0.OOOE+00 0.OOOE +00 0.000E +00
RR 0.OOOE +00 -0.856E-02 -0.494E-02 0.00E + 00
LR 0.OOOE +00 -0.856E-02 -0.494E-02 0.00E + 00

Cli C12
RST 0.OOOE+00 0.OOOE +00
LST 0.OOOE +00 0.000 + 00
RTE 0.OOOE +00 0.000E +00
LTE 0.000 + 00 0.OOOE +00
PAE 0.OOOE +00 0.OOOE + 00
LAE O.OOOE + 00 0.OOOE + 00

RR 0.317E-02 0.00E + 00
LR 0.318E-02 O.OOOE +00

130



IX. CONCLUSIONS AND RECOMMENDATIONS

Applications of eigenstructure assignment to design of robust decoupling and

reconfiguring controllers has been shown to be an alternative tool for the control

system designer. A level of sophistication over conventional design technioues is

-CQuired ,ue :o the ,omVutational problems ,xhici arise irom 1igi orier ;vstems.

Specifically. the majority of the computational complexities arise from the vast degrees

of freedom for eigenvector orientation available in hyperspace. As the designer must

clearly be aware of the modal structure of the system at hand, the technique is not to

be envisioned as a black box design algorithm. The designer must become an active

participant during all steps of the design. Further research is recommended in the

following areas:

a. Further investieation into obtaining performance recovery via modified
objective functions for the reconfiguriri controller problem is warranted.

b. Developing more efficient optmization schemes for convergence to reoriented
ei2envecto's. This will allow the researcher to more actively en.age in the study
of the theoretical aspects of eigenstructure assignment by relii'vihg the burdeh
of computational time requiredTor such convergence.

c. Additional research into analyzing the solution to the asymmetric degradation
problem is required for refinement of the technique. " Research 6bjectives
associated with this tv e of damage would also involve modeIin2 the cross
coupling of stability arfdcontrol deri'atives for several coupling scenarios.

d. Application of eigenstructure assianment to design of robust observers and
reconfieuring damaged observers is-a natural extension of the work reported inthis thffis.

In summary. applications of eigenstructure assignment to damaged controllers

has been shown to provide solutions to a specific class of aircraft damage. Solution

techniques to the asymmetric and symnietric degradation problems must be farther

refined before progressing to the combined actuator, sensor, control surface

degradation scenarios.
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APPENDIX A

NOTATION

n .. ...... .... ..... ..... ........ ... ...... ........ ... ...... ... N o . of states

m ........................................................... N o. [ in p uts

........................................................... N o. of outp uts

c ........................................................ N o. of com m ands

A ....................................................... Plant M atrix (nxn)

B .................................................... C ontrol M atrix (nxm )

C ..................................................... O utput M atrix (lxn)

D .......................................... Feedforard-Output M atrix (ixm )

F .............................................. Feedback G ain M atrix (nxl)

G 1 ..................... ...... Feedt,'wd Command-State Matrix (nxc)

G2 .................................... Feedfwd Command-Input Matrix (mxc)

X ............................................ Right Eigenvector M atrix (nxn)

A .......................................... Diag m atrix of c-loop eigenvalues

T ............................................. Left Eigenvector M atrix (nxn)

In .................................. Identity Matrix (nxn)

A ....................................... Closed Loop Eigenvalue M atrix (nxn)
T  ................ ................................. Transpose of m atrix A

A -1  ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Inverse of m atrix A

A +. ............................................. Pseudo-Inverse of m atrix A

SVD(A) .................... Singular Value Decomposition of matrixA = UaaVaT

............................................. D iag m atrix of singular values

xi ............................................ ith closed loop right eigenvector

x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .d x ,/d t

x(k) .................................................. discrete state variable

ti  ..................... .. ith closed loop left eigenvector

y ............................................................ output vector

u ...................................................... control input vector

xi  ....... ....... ............................... ith closed loop eigenvalue

c I ..................................................... M ax singular value

min .................................... M in singular value of rank(m ) matrix

IIA 1I2 .......... . . . . . . . . . . . . . . . . . . . . . . . . . . . . M atrix Spectal N orm of matrix A
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11x112 ............... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Euclidean N orm of vector x

or N ........................................................ N ull Space
d( ) ........................................................ dim ension of( )

... . ............................................... N ull M atrix of order nxn

.4
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* APPENDIX B

CONSTRAINTS ON EIGENSTRUCTURE SPECIFICATION

In order to show the constraints on the specification of the closed loop

telienstructure..rewvrite euuation 3,oO in :fle, :oiiowing,.va%,

BFC = XAX1 - A (eqn B.i)

Post multiplying equation B.1 by X yields,

BFCX = XA -AX (eqn B.2)

Now let us define an 'n x n' transformation matrix. Q-1 [Ref. 23], such that B Is

transformed into a matrix with the 'nmxm' identity in the first 'in' rows and an 'n-rn x
d m' null matrix in the bottom 'n - m' rows,

Q f.B Ubl Renxn (eqn B.3)

Q Im B(eqn B.4)

'Im) Q- B (eqn B.5)

Further, use the transformation matrix Q to define the following similarity,

transformations,

1CQ-= Co (eqn B.6)

Q X X0  (eqn B.7)
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Q-1 AQ AO (eqn B. S)

Pre multiplying equation B.2 by Q- yields,

Q1lBFCX = Q-1 XA -Q 1lAX (eqn B.9)

Noting that Q'Bresults in the lead identity matrix discussed previously and

Substituting the simuiaiaty Corm oi X ylids.

Im I~FCQX0  -' - Q-1 AQX 0  (eqn B.10)

Further substituting the similarity forms for C,X, and A into equation B. 10 yields

the similarity form of equation B.2,

I=CX O - AOO(eqn B.l11)

4 Inorde 1mFC0X X0 A A0D

Inodrto simplify the analysis, let us remove the superscript notation for the

similarity transformations From equation B. I11 . Equation B. I11 is then partitioned into

upper and lower blocks.
d The upper half left hand block of equation B. 11I becomes,

FCXnxl XrXILAI - AmxnXnx1 (eqn B. 12)

where the subscripts denote the row and column dimensions of the respective matrices.

Solving for F from equation B. 12 yields an exact solution for F,

F =(XrnxiAi - AmnXxj)xCXnxd -1 (eqn B. 13)

The lower block of equation B.lIl yields the following equation,

(Dn-mxI = Xn-mxA1  -mx~x (eqn B. 14)
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Equation B. 14 reveals that there are 'n - m' equations with 'n' unknowns for each

closed loop eigenvalue ..j* Each of the T1 system of equations is therefore

underspecified and one can only specify 'mn' elements of each column of - This is

of course the classic result of Srinathkumar [Ref. III which is stated in Chapter 11.

Equation B.1B is the result noted in the work by Srinathkumar [Ref. 11] and Sobel and

Shapiro [Ref. 221. The expressions presented in T-able I of Chapter III as noted

.?revi ous iv are least auare -oiutions "or the feedback -:ains. Note 'hat :f )ne Jesire,

invoke 'a' eiizenvaiues and 'n' elements aft he eigenvector :n eqjuation B.> ,hen

equation B.13 also becomes a least square solution due to CXnx1 beoin/o

square.
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APPENDIX C

EIGENS

C

- IGENVALUE/EIOENVECTOR ASSIGNMENT VIA MOORE '1976)

AND KAUTSKY.ET.AL. C198S) ALGORITHMS. PRESENT PROGRAM

C ACCOMODATES 'rl SYSTEMS WITH STATE OR OUTPUT FEEDBACK.

C MOORE ALGORITHMS ONLY ACCOMODATE SYSTEMS WITH REAL.DISTINCT.

C £ CONTROLLABLE EIGENVALUES AND STATE FEED. KAUTSKY ALGORITHM

C WILL ACCOMODATE SYSTEMS WITH COMPLEX CONTROLLABLE EIGENVALUES

C AND MILL FIND ACHIEVABLE EIGENVECTORS ASSOCIATED WITH DESIRED

C C-LOOP EIGENVALUEC FOR BOTH STATE AND OUTPUT FEEDBACK,

C ADDITIONAL OPTIONS INCLUDE USING THE ADS OPTIMIZATION ROUTINE

C FOR: . MINIMIZING THE CONDITION NO. OF THE EIGENVECTOR

C MATRIX. (PRESENTLY NOT WORKING;

C 2. MINIMIZING THE SINGULAR VALUE OF THE RETURN

C DIFFERENCE MATRIX WITH THE CONSTRAINTS OF A DE-

C SIRED ECGENSTRUCTURE.

C

C CDR V.P. GAVITO

C APRIL 1AB6

C

Cm ..U..55 ....................t .... 0.....SSN~SS5SWWS555 .....

S C

C DEFINITIONS

C

C"................................a ...........w

C

C A * PLANT MATRIX (N x NI

C AT * A TRANSPCSE (N X N)

C B - CONTROL MATRIX (N X M)

C $DEL - DAMAGED CONTROL MAT (N X M)

C C - OUTPUT MATRIX IL X H)

C D - FEED FORWARD MATRIX (LXM)

c CIO O-LOOP EIGENVALUES (N X I) COMPLEX VECTOR

C EI O-LOOP EIGENVALUES (N X 1) (REAL PART;

C EIGO
I  

0-LOOP - (N X 1) (IMAGINARY PART;

C EIGD * DESIRED C-LOOP EIGENVALUES (N X I COMPLEX VECT

C EIGDD - DESIGN C-LOOP EIGENVALUES -

C EIGREC • C-LCOP EIGENVALJES OF RECONFIGJRED SYSTEM

C SLAMBOA - <LAMDMA"1-A B>

C RAINI - R<SLAMBDA>

C RANKZ * R<C>

C VO DESIRED BASE EIGENVECTORS (N X N)

C V * DESIGNED BASE EIGENVECTORS IN X N)

C VRECON * EIGENVECTORS (NORMALIZED) OF RECOFIGURED SYSTEM

C CV <C>.<V,> (L X NI

C E * CmV FOR EACH EIGENVALUE (L X N)

C WCI.2..4,S - WORK COLUMN VECTORS (I X NJ

C W01.2.S.4,S.6 - WORK MATRICES (N X N)
C 7.B.9.I.l.2 -

C WK11.2.1.4.S • WORK AREAS FOR EIGRF

C M - FREQUENCY IRAD/SECI

C NP . FOR DISSPLA COMPATIBILITY

C K * I (FOR FORCING EQUALITY RELATION FOR

P C UNCONTROLLABLE £ GIENVALUES)I

C F * FEEDBACK GAIN MATRIX (M X L)

C FC - COMPLEX FEEDBACK GAIN MATRIX (M X L)

C FDEL - RECONFIGURED FEEDBACK GAINS (M X NI

C A * C-LOOP MATRIX A * BF

C ICTR - CONTROLLABILITY FLAG FOR O-LOOP EXOENVALUES

C IFEED * FEEDBACK FLAG

C I FULL STATE rEEDBACK
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C 2 -OUTPUT FEEDACKC

C S *OUTPUT FEISSACC PLUS FEO FORWARD

C SP - SINGLAA VALUE VECTOR FOR FEEDACK GAINS

C SI - SINGULAR VALUE VECTOR I
C 32 . SINGULAR VALUE VECTOR 2

C SVM MIN4K SINGULAR VALUE OF I FOP

C SVMl * MIN SINGUAR VALUE OF I *OF

C SVMA MAX I IFe

iNC SVMAXl I O
C SVMP - MAX FG FOR OISSPLA COMPAT

C SMREC - MINM S.V. OF qECONFIGURED SYSTEM (A SINGLE VALUE)

C WRED - FREQUENCY CF SMREC

c JI.VI - ORTHOGONAL MATRICES rOMPUTEDS Y CSVD FOR SVD OF

RETURN OIFFERENCE MATRIX

C UIP.VIF - ORTHOGONAL MATRICES COMPUTED BY t-SVOF FOR SVO OF

C FEOACC GAIN MATRIX

C Z.ZI.ZZ.ZS.Z4,ZS - COMPLEX WORK AREAS

* C UTSLAN a UMATRANSPOSE OF SVD OF SLAMBDA

*C VRT . UNMTRANSPOSE OF EIOENVECTOR MATRIX

C

C

C DIMENSION STATEMENTS

C

IMPLICIT REAL-S(A-.PFZ)

REAL*$ AIIO. l0).S(10.l0I.CII0. 10I.E100120).EIGVI1o, 10I.EIooIIZOI.

IP(I0.10).FSAVE(I100.BELIIO,10,FEL(IO.0.dPE(10, ill.

SUNITYIIO. 10) .W(42000) SV14112000).SVMAXI(2000) .WNM0( 10. 10).

4WMSI10.10).IRMS(IO.10).UTSLAM(10.10).VRTCIO.101.WM1110.I0).
"N' SWKC21250).ASFOEL(I0.10).DI1O. 10).WAREA2(10. 10).NMICIIO. 10).

7WMAI10. 10I.WM7rIO. 101.SVM(ICOOO).E10V0110.10),S5110).SVMAXCIZOOO
DIMENSION COMCIOI.TITLE(2O).WP(12000).SVP(2000I

COMPLEXMIAZ(10,10).Z1110).Z2(10. 1).231101.ZR(I0.10I.25110).

2 UNITYC(I.101.ZN.VIF(I0. 10).EtGRECCIO).VRECONIIO, 101.

3 FC110.10)

REALMS MMICI . 101.WKI((201,&4K4(20).ABF(10. 101.SLAMOA(20,20).

IWM1210.10).S1110).WKCC'0),VR(IO. 10).S2110).WCCCIO0).OCAREA(2501.,

2M410.101.WAREA1(2S0I.VSAVE(10. 10).VRSCIO. 10).SF(10).UIFIIO.101

* INTEGER 114(10I.ICTAC1OI.M.ML.IFEED

C INITIALIZE ALL MATRICES

C
CA..Mm ........NNoS.... N ..... mIWSWNmmAAm ... Rom .......... ........MM

C
DO I I . 1.10

IWK(111 - 0

ICTR(I) . 0
MCIII) - 0.00

NC2III N 0.00

MCsII) - 0.00

WC4(1) - 0.00

MCSII) N 0.00

31(t) 0.00

32(1) *0.00

SS(Il 0.00
TEIGRII) N 0.00

A'TEIOI(I) - 0.00

COMMI - 0.00

SDO 2 J -110

All..)) N 0.00

BII.J) 0.00
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P..)*0.00

* CCO.I.J) 0.00

SLMOACO.J) . 0.00
.1 UTSL.AI(t.J) .*0.Do

VRT(0.J) v*0.00

VO(..J) - (0.00.0.00)
VUI.J) - (0.00..0)

VR(Z.J) . 0.00

VRO(Z.J) *(0.00.0.030)

ABP().jl 0.00

AT(1..J) a .00

p(-j 0.00

QNITY(..) * (.000.0

UI(I.J) *0.00
1.14(1.J) 0.00

E4(.)*0.00

WMSC..J) - 0.00

W"~41.j) * 0.00

bwl6o).J) - 0.00

WdI4(C.j) . 0.00

hi N 7I .J ) . 0 .00

1.84(1..)) - 0.00

4410(I.J) * 0.00
WN)1(I..J) 0.00
kdIl(I.J) *0.00

2 CONTI1NUE

I CONTINUE

0O0S I - 1.0

0 S1 J 1.20

SLAMqDhCZ.J) . 0.00
s CONTINU.E

00 6 1 - 1.20

1.0(C) - 0.00
WKII . 0.00

WK(.10) . 0.00

E *OI 0.00

E1001(1) - 0.00

CONTINUE

00171 - .5
14(2(1) . 0.00

i4KAREA(l) . 0.00

hASEAlcI) . 0.00

7 CONTINUE
- 00 81 x 1.10

Z1() (0.00-..00
-EG 23L 0.00.0.o)

1101(1) (000,0.00)

fGO~Dl) - (0.000.00)

a(-) (0.00.0.00)
*(,J (0.00o.oo)

Z2(..j) *(0.00.0.00)

Z4 *i (0.00.0.00)
9 CONTINUE
0 CONTINUE

00 11) 1 1.2000
SVMAXII) *0.00

* SVM(1) *0.00

SVNU)I) *0.00

SVMAX1(1 - 0.00

W(I) *0.00

*PI 0.0
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11 cONITINIE

C

C

C READ IN DATA

C

C.*.* ..........MNSU*WW N5*5 SSE*05Ste.. N ..N...........5WNUN

C READ IN OUTPUT TITLE

.5 C O1'O S11

12Z READI1.16)TITLE

16 FORMATI2OA4I

R EAD IN NO. OF STATES. 1,0. OF INPUTS. NO. OF OUTPUTS. TYPE FEEDBA

READI1.10) N.M.L. !FEED

10 FORMATIGI2I

READ IN A.I.C.0

D0 1.0 1 - 1.N

0EAD(1.IS1 AI.I.J1N
10 CONTINUE

00 30 I - 1.N

READ 1115 111J3J..M

so CONTINUE

00 40 1 - 1.L

READII.15) IC(I.JI.J.I.N)

40 CONTINUE

005 F(IIEED.NE..)GOTO 
:

51 RA(.1IDIJ)J1M

is PORMAT(6F12.S1

C READ IN DESIRED C-LOOP EIGENVALUES

22 30 41 1 - I.N

READ I. 42 IEIDOC I

42, F0RvAT(2F12.S)

41 CONTINUE

C READ IN DESIRED C -V

00 63 1 - .N

DO 4S J - I.L

0EADI 2.44 )ECJ. I)

44 FORMAT(ZF12.S)

43 CONTINUE

C READ IN DESIRED BASE EIDENVECTORS

DO 4S I . I.N

DO 41 J - 1.N

READ(I I46)VO(J. I)

44 FORMATI2PI2.S)

45 CONTINUE

C ..... .............. 0 ...................NNNNNN .......NN* OS~ SNWSN

-~ C

C DISPLAY INPUT FOR CHECKING

C

CSNSWS*NNSNNW*UNWSNWNNNUNNN. .............NS*...............

CALL FRTCMS I'CLRSCRNI
bIRITE(6.140ITITLE

SiITE(G.S2IIFEEO

52 FORMAT(/5X. NNWN FEEDBACK FLAG *'1. NN /

WMITEI14.5)

so FORMAT(/ ,0X . ...S A MATRIX ."...

DO 70 1 - I.N

WRITEC6.401 (A(I.J).J.1.N)

to PORMAT(IX.6(E12.S.2X1)

70 CONTINUE

WRITE(6.S0)

N0 441s ORMATI/IGX.'- N"" 3 MATRIXN.'.I
A~l 0O 100 1 - I.N

100 CONTINUE

WOFOM TI1.4EI.1.))

110 FORMATC/IIX.'.5.. C MATRIX N.../
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00 ISO I * 1L
IITEC6.1201 CC(I.j.I.j.I.)

120 FPIMACX.(E12.S,2X13

1SO COTINUE

bRITE(6.11
111 PORATAC/lOX ...... 0 MATRIX 0' ,

00 112 1 - 1.1.

WalTECO.100I

150 FORMAT(//lox.-...o. DESIRED BASE EZOENVECTORS FOR USE IN .....

2.X 'FIGENVECTOft,.2X. REAA. PAAT .6x,-%IMAG PART',,,)

00 101 1 I.N

153 FORMAT(7~X. i2

6 DO 101 1 = .N

152 FOPMAT(1XE,,..3g.EI:.SI

151 CONTINUE

%140 FOAMATC/..20M1

WRITE6.i601

160 PORAC/IOX.' wow. DESIRED C-LOOP EIGENVALUES FOR USE IN .. w...

l10K. to.. SCAUTSICY AL.GOR IT4 ONLY ..... *//,-X

2-'EGEMALU.2X'REL PRT.6K.' IMAG PART' ./)

00 I50 t - (.54

WRIM"6.15i)Z.ZO01I

K 156 FORMATC7X. I2.4X.E12.S.SX.E12.S)

155 CONTINUE
C.tU.0 .. o........ ........ ..~ooowwwwwooow........o.......
C

C CONSTANTS
C
C ................................ 0 .......................... S...

C

C IDENTITY MATRIX

00 Z0o 1 1 .10

UIPI,II 1.00

(IT'(I. I1.1.0

-0 UITYCII.I) . (1.00.0.001

w 20 CONTINUE
oC GOTO S31

*.O..... .. ........................w...............

C DECIDE ON RECONFIGURATION ANALYSIS OR EIGENSTRUCTURE DESIGN

C

C WITE16.202)

C02 FOPI6AT(/SX ...... ENTERt "I" FOR RECONFIGURATION STUDIES 0.0.' 1.15x

C I *;500 ENTER -, FOR IEIOGENTRUCTURE ASSIGNMENT 5/

C REAOI.ISIRECO

C 11 (IRECON.E0.2,100T0 16S

C ISOLN .

oC CALL RECONIA.B.C.F.-LMNSDLFEL.EIPECVRECON.SMEC.WREC.

C I ADFOEL)
C GOTO 500

C ............... ...... 0~oowo~oo ..... ov .... 0 w~..................

C

C CALCUL.ATE 0-LOOP E1GENVALIJES
C
Cwo ........ 000............... 0.0 ... ................oooww

C SAVE A SINCE EIGRF DESTROYS A

16S 00 .01 1 - I.N

00 .103 1 . 1.N

WFIII.Jl - £10.J1

.01 CONTINUE
CALL EI0OFWI.N.l0.0.z3.Z.10.dKl.IEPI

00 20 1 . 1.M

110(l) * 0EIZIII
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Zee CONTIN4E

210 FORMAIIX *DD OPEN LOOP CIOERVALUES D.*IS URAO *

00D 2S 1 1.N4

220 PORMkATI.E2.S.10XEI2.5)

.25 CONTINUE

iC RE-INITIALIZE WMI WORK KATRIX

DO :2 1 I'Mi

DO0226 J -I.M

::s ONTINUE
Db~f00 .... s ......................... .......... bD.......

C
C CMECK 0-LOOP EZOENVALUES FO* CONTROLLABILITY

C
C ... n ...... s..DD... ....... ...... 0 ...... oDD.....DU ........

DO 260 1 - I.N

X - DREAL(EIGIIII

IF(EIGOI(I.EG.DOGOTO 7

* CALL CCNT*LIA.8.L*IITYC.N.M.ICTR.EIO.I

* GOTO 260

WMIIJ.jl . XDUNtTYJ-.J)

:.,1 CONTINUE

* DO - INM

D0O K . I.N

WN2(,j.K) . WMI4(J.K) - A(J.KI

- UTSLAMtj.ICI * UNITY(J.CI

ISO3 CONTIN1UE

C CALCULATE S.AI4DNA I I

DO 240 1 . I.N

*0 0240~ K k.N

* SLANOA(Ji.K) - WM2IJ.I()

240 CONTINUE

00 S0o i - I.M

00 2S0 K - ,

SLAMDAJ.K.N) - S(J.K)

1290 CONTINUE
I C CALCLATE RANK OF SLAMONA

11 - K-1N

CALL LSVDP(SLAM*DA.20.N.1lI.LTSLAM. 10.N.S1.hN(. Ea)

IPIIER.EQ.SS 16010 2S1

ICTUCI - I

0010 250

I' CI ICTRIII . 0

260 CONTINUE

C DISPLAY CONTROLLABILITY FLAGS FOR 0-LOOP EIGENVALUES
W~tIC(.3001

300 FDRMAT(//SX.*O-LOOP EIGENVALUE CONTROLLABILITY FLAG (1-Y)')

DO S10 I - I.N

MAITE(6.320) EIGO(I .EZGOICIJ. ICT*(I I

320 PDRtMATIX.EIO.SIX.EIO.Si..IX.121

SIo CONTINUE

*C DECISION FOR REINSERTING EZOENSTRUCTURE

W ITE IS*3221

312 FMAT(/100.'m...D DESIRED EIGENSTRUCTURE HAS SEEN READ FROM OD

1 /IOX.'Ko DATA FILE. ENTER "I" TO CHG. NOTEi CANNOT ....

2 /ION. DODD CMO IF IAUTSKY ALOOR. WILL BE USED. ENTER ...

S /1ON 2O IF YOU DESIRE TO USE FILE DATA FOR DO .

/ /ION * DODD: MOO0RE ALGOR. OR IF YOU ARE GOING TO USE .O..

SD S ION. *- KAUTSKY ALGORTIMM. ..

READ(,SIs2IEIGEN

313 FORMATIII)

CALL FRTCMSCLRSCRN I)

IFCIEIGEN.EO.2)00T0 £82,
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C

C INPUT DESIRED C-LOP EIODEWALUIS

C

III bUITE(6.325)

32S PORMAT(/SX. '.Me. ENTER DESIRED C-LOOP EIGENVALUES .. a,./SX.

psI MMCREHEHUE~ti ONE CANNOT SHIFT THE ....t. .iK.
2MMMC UNCONTROLLABLE EIGENVALUESI.....Mete.1 .

'M... ONE MUST SHIFT IN SAME ORDER AS M.../SX.

'Met WAS DISPLAYED 0 MAINTAIN PROPER Mwut'./5K.

5 .... CONTROLLABILLITY IDENTIFICATION .M.'./SX)

DO ISO I L.N

;.4 IORMAT(1K.-:ES IRED C-LOOP TIS ENVALUS . K

1 *REAL PART ..ENTER THEN :NAG PART ..ENTER'./1

READ(I.36) x

REAOIM.3261 Y

$26 FORMAT(PIZ.S)

E1G1( ) * DCIPLX(X.Y)

$30 CONTINUE

C .............. ...... ............... M ........

C

C INPUT DESIRED VALUE OF CCV

C

3ZS WRITE(b.S40)

340 FORMAT(/ loX...... INPUT DESIRED C X EIGENVECTOR M..'. 1IX.

I 'MMCM FOR EACH EIGENVALUE IN COLUMN M.M'./10X.

'MMCC PORMAT. C.M./

00 IS0 J I.N

p { DOSS tl•L.L

WRITEIGSSIII.j

51 FORMAT(IX.'E(I'.11.'.'. .'I . './Sx.

I 'REAL PART ..ENTER THEN IMAG PART .,ENTER')

AA(,.34S} X

READ(.SG) Y

34$ FORMATFIZ.Si

E(I.J) s DCMPLX(X.YI

SO CONTINUE

C
C DISPLAY DESIRED EIGENSTRUCTURE

Ic

SS CALL FRTCMS('CLRSCRN ')

, WRITE(6*60)

560 FORMAT(//IOx.,.*MM DESIRED EIGENSTRUCTURE FOR USE IN MOORE .M..

I loX. MMM ALGORITHMS. IGNORE IF (AUTSKY ALGORITHM MM' /

2, lox. WIMM 4LL. SE SELECTED.CMM/

3 .6X.'EIGENVALUES'.I1X.'C M V(I1'./)

DO 380 1 - I.N

WRITES.970) 1100(11,(E(K.), EiL)

370 FORMAT(IX.Z(E1O.S.IX).IX.(/:,4X.Elo.S.IX.EIO.31

360 CONTINUE

C

C

C CALCULATE EIGENVECTOR ASSOCIATED N/EACH EIGENVALUE

C

CeM ... no .MM..CM. MCMMM. C M M .... C..MM CCM C C..MM..CMC.CCM

C DECIDE ON MATRIX OR ALGEBRAIC SOLUTION OR KAUTSKY ALOGORITHM

.,ITE(6.$S)

S65 FORMATI//SX. CMM ENTER MIM FOR MOORE-MATRIX SOLN. MC*M'./Sx

I. Mow-- ENTER "2" FOR MOORE-ALGEBRAIC SOLN.MMCC'./SX

2 'M.M ENTER "3" FOR KAUTSKY ALGORITHM. MMi.

3 'MMCM NOTE: MOORE-ALGEBRAIC SOLUTION IS MMM' ./6K.

4 'Meet REQD IF L>M AND YOU DESIRE MOORE ALM . ./K.

S 'aM.. GORITHN. KAUTSKY ALGORITHM REOD .M..' ./SX.
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6 'soon FOR COMPLEX EIGINV.LUE ANALYSIS AND*"33 ./SX.

7 *--a- INTERACTIVE EIGENS1'RUCTLME DESIGN 3.3. ./Sx.

0 -*-on AND FOR OUTPUT FEEDBACK PROBLEMS .3/

REA(m.396)SOLN
S84 FORMAT(11)

CALL PRTCMS3 *CLASCIN 'I

IFIISOLM.EQ.I300TO 387

IPCISOLN.EQ.Z)G0TO 581

CALL XVECTCA.8.C.0.EIG0.P.N.M,L.V0.V.IFEEODI

WRI TE (6. 382

382 FORMAT(/SX...... KAUTSKY ALGORITM COMPLETED '... %./3

GOTO S09

.81 CALL ALGSLN3A.0.C.EIGO.E.UNITY.N.M.L.J.WM33

.4RITE36..Z8

F6 ORMAT(/SX...... ALGEBRAIC SLTO OPEE "1

% GOTO 481

-% 387 D0 400 1 - I'm

c REINIT SLAMOHA MATRIX
00 390 11- 1.10

00 390 J.3' 1.13

SLAMAII.J3.33 0.00

£90 CONTINUE

C REINITIALIZE WC2

00 601 11 - 1.10

MCDIII) - 0.0

401 CONTINUE
C RECOM4PUTE SLAMONA MATRIX FOR EACH EZOENVALUE

00 595 .3 - L.N

DO 39S K - I.N

X - OPEALIG(III
e SLAMDA(J.K). XNUNITY(J.K) A(JK1

395 CONTINUE

C AUGMENT SLANGA TO INCLUDE I

DO 396 .3 - I'm

00 Z964 -.

SL.AMOACJ.K.4N) * 81.3.

396 CONTINUE
C AUGMENT SLANDA TO INCLUDE

DO '10 J3 - 1.L

DO 410 K - I.N

SLADAIJ.K),4 CIJ.K)

410 CONTINUE

C CALCULATE (0 ElI)> TRANSPOSE

00 4620 J3 * I.L

X - DREALCE(.3.1)3

'210 CONTINUE

C CALCULATE < V(:) WdII3 ' RANrPOSE

'91 N1..L

C DEBUG WRITE STATEMENT

'9C WRITEC6.421)

C21 FORMATI5X ...... SLAMOA AUGMENTED MATRIX .... .f

C 00 4231 KI 1.11

C NRITEI6.422)3SLAMOA(41 .K23.K42.111

C22 FORtMAT(1X.4(EIO.2.2Xl3

C23 CONTINUE

Coo .. *n333333~...,.......................... 33*.......3*3... 3..........

* C

C JUP To 680 FOR UNCONTROLLABLE EIGENVALUES

C (PRESENTLY PROGRAM4 WILL NOT HANDLE THIS CASE)

C

C ........... ....3n~ . ......................... ....................

IF(ICTRII).EQ.C)00TO 680
424 CALL LEGTIF(SLAMA..11,10.C2.1.WKAAEA.IER)

470 00 480 j.3 * .N
V(J.1) - DCMPLX(WC,'fl,0.00)

460 CONTINUE

00 48S J1 - I'M

k43I.3.I) - NC2(J.N)
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400 CONTINUE

C

C CHEC POR INDEPENDENCE OP EIGENWCTORS COMPUTED V IA

C MOORE ALGORITHMS

C

Cx*"*w v.u*suwAs... smwa ... swwua.s.....wc...w..sA a.s...se

C CALCULATE RANK OP V

C LIVOP REPLACE *V WITH THE ORTHOGONAL 'V* MATRIX A LA SINGULAR
)C VALUE DECOMPOSITION. THEREFORE 'SAVE' REAL PART.

AS1 G0 442 1 A 1.14

O 50 a J 1.N

iR(I..) s REAL(V(Ij))

'JRSI.j) *vqtI.,n
VrII..n UNIrvII.jl

482 CONTINUE

* CALL LSVOPIVR.10.MNNVRT.10.NS2.WC1.IERI

IPIIER.EO.SSJG0TO £90

GOTO 501

490 ITEI6.5002

500 FORMAT/fSX.......EIGENVECTORS ARE NOT INDEPENDENT. MUST .... I.1M,
1I5" CHANGE C X EZOENVECTOR (1) OR CHO IN- " /

IPIISOLN.EG.SIGOTO 680

GOTO 5

C .......... N034 ............ %WUM*WW gW*........W...............*

% C

%C CALCULATE FEEDSACK GAINS3

C

CAU..... w...... 0....0 ......... .0331 .........341W130M a MS N .............

501 CALL LINVZP(VRS.N.10.WMG.1.NAREAI.IERI

MRITE (6.507)

50? PORMATI/5XC4S6m- EIGENVECTOR MAT HAS SEEN INVERTED. P GAINS NEXT

CALL VMILPPIWaS.WM.N.N.10.1O.P.10.IER)

5OO PORMATI/SX. *-** P GAINS COMPUTED ......

C ASSIGN PROPER SENSE TO FEEDBACKC GAINS
3. DO 506 I A 1.M

DO D5064J.AI.N
F11,4) A - P11.J1

506 CONTINUE
C-0f0e.....~ swuw e~~~.........sueww...,..0 ... sas.......... .. *0. ... .o..

*4 C

C CALCULATE A * BP OR A * IPC OR A * S3INVII - PD)*FC

C

* .C *..No.............. ..... M3.WWM ....M...*M4.WNM .M...... * 3055.....

509 IP(IIEED.EG.IIGOTO 513

* IlAIIPEED.EO. (GOTO 514

CALL VNULFI.C.M4.L.N.I0.10.NM7.10.IER)

CALL VMULPPIP.D.M.L.M.10.10.WMq. 10.IER)

00 516 1 A 1.M

DO 516 J A I.M

516 WM91I.J) A IMITYII.J) - 149611.4)

CALL LINV2FIWM9.M.10.NNIO,.NAREA2,IER)

fF1 IER.NE. 129 IGOTO 518

WRITE (6.539)

519 PORM4ATI/5X. *mI - PD IS SINGULAR. RESULTS ARE INACCURATE Me...

1 /)

518 CALL VM4ULFPFbIMIO.NM7,N.M,N,l0.10.14N11.10.IER,

CALL VMULPPIS.WMIIN,MN, 10.10.121. 10.IERI

DO 517 1 A 1,N

Ow' - DO 517 J A 2I'm
£1? ASP(I.J) A ACI.J) * NNII.J)

4,514 CALL VMULPP(3.P.N.M.L.I0.10.WMS.10.IER)

CALL VMULPP(NMS.C.N.L.N.)0.10.NN,.10,IER)

00 515 1 A 1,14

D0 515 4 A 1.14
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515 AlP(IJ) - ACI.J) * W46(I.J)

GOTO 512

S$ CALL VMULFF(B..N.M.N.10,10.445.10.IER)

DO SI0 I - I.N

0O SO J - I.

ASF(I.J) - ACIJ) * 1S(CI.J)

510 CONTINUE

C wm M..N **..W** ... MM MSNM...Stmin*.WN*.WinSm~*UaWM.W..Winmt

C

C CHECK FOR CONSERVATION OF C-V DURING DESIGN ITERATIONS

C

C . 0 ........ . W V. ....... 0 .................................

IF(SOLN.EQ.Z)IOTO 512

511 CALL dMULFI(C.VRS.L...4.N.i0.10.CV,.O.IER)

S12 WRITE(6.$20)

500 FORMAT(/.'.... IF SINGULAR VALUE ANALYSIS DESIRED. ENTER "I . ...

1./. *O TI ERWISE ENTER " 2"...
'4)

REAVf(..5S)SVA

630 FORMAT(II)

CALL FRTCMS('CLRSCRN I

IF(ISVA.EO.)GOTO S40

C .............. **. W.a ...... a ....... a....W.......... ... l..

C

C SINGULAR VALUE ANALYSIS OF DESIGN

C

..CI F(1,1 -14.18705

C Ff1.01 I S.£569

C F(1.4* -61.009

C F(0.I * -0.0S$=9

C F :. 0.6146S

C P(12,3 .:00ss

C 1.241 * -1S.58403

531 CALL ,VACA.3-.D.,FUNITY.N .NSLWSVM.SVMAX.SVM .SVMAXI.IFEED)

C ................. ...................... v ........

C

C DISPLAY RESULTS

C
C ............................................................

540 CALL FRTCMS('CLRCRN "

WRITE(G.6001

400 FORAT(///ISX.......... DESIGN RESULTS... ... ...

1F(ISOLN.EQ.3)GDTO 635

432 WRITFC4.601)

401 FORMAT(//SX.M . W MATRIX COMPUTED DURING MOORE SOLN .M..

O0 602 1 * I.M

WRITE(I.605f(WM(I.J).J.1.N)

60S ORMAT(IX.4(EIC.S.tX))

60' CONTINUE

433 MRITEf6.631)

431 FORMAT(I/SX.' w.. C-LOOP MATRIX, A * OF .... /

DO 640 1 - IN

WRITE(C.40$)(ASF(I.J).J.1.N)

640 CONTINUE

SRITE(460)

650 FORMAT(//SX..... FEEDSACK MATRIX w. .//)

DO 470 I * I.

,RITE6.*660)(F(IJ).J.1,L)

440 FOQPOAT(IX.S(X.EI2.$))

470 CONTINUE

C SAVE 'F' SINCE LSVOF DESTROYS F

DO 6St 1 * I'M

DO 4S J - I.L

4Sl PSAVEI(IJ) . F(.J)

CALL LSVDF(FSAVE.10.M.LUIF.10.0.SF.,W.IERI

X SP(Il)

4RITE(66,65)X
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69S PORNATC5X. 'SPEcmRAi NORM . *.EIz.g,

CALL EIORF(AUF.N.1O.I.ZS.ZA.10.W4.IERI
C PIND CONDITION NUMBER OFP DESIGN EIGENVECTOR MATRIX

CALL CONDCZA.N.XI

WRITEI4.49Z1
492 PORMAT(4X ...... DESIGN EIGENECTOR MATRIX .. s./

DO 693 1 * 1.N
WRITE(t.430)1:41I.JIJ.I.NI

695 CONTINUE

WRITEC6. 694 IX

694 PORMAT!/SX.'2 NORM CONDITION NUMBER.
C NORMALIZE EIGENVECTOR MATRIX

MO 671 1 .

GO .71 I * U

671 ZG(I.JI 'dI(.aIORn(XI

W*ITEI6.6I01

610 PO~MATIX ...'... NORMALIZED DESIGN EXOENVECTOR MATRIXNss .....
00 -30 I1 U

62 PORMATC(IX.E9:II1

630 CONTINUE

CALL CONDIZGN.XNI
*4 wRITEI6.bu4cxN

.RIE16SqO)
690 'ORMA1I/EX. .... DESIGN C-LOOP LIGENVALUES ..... js'

I 'REAL PART' '60.' :NAG PART',/)I

DO 491 I . ".N
WR ITS 14 * 154I. S II

691 CONTINUE

IFIISOLN.EQ.SIGOTO Rig
912 WITEI6.RSO,0

P900 PORMAT(IISfl,'wsus Eu<C>,cV> MATRIX AFTER DESIGN COMPLr-E ....'..

.sx. '' NOTE, DOM CHECK 0OR MOORE ALGORITHM *u/
DO 910 1 - 1.L

'20 FtORMAT; IX.uiZR.EL.SII
9IO CONTINUE

*is IFSVEDZGT 680

930 PORMAT/,''SX ..'.... SINGULAR VALUE ANALYSIS OF' DESIGN .... '. 110
dI ' FRED I * PO I OF'

:/.X. 'RAD/SEC MAX S10 MN $10 MAX 310 MIN

DO "40 1.10*
WRITEI6.RSII .dII.SVMAXIII.SVMI I.SVM-AXI1I .SVNUII1

% 950 PCRMATIZlXF71.X-4 (EI:.S-fII
% 940 CONTINUE
"HC GENERATE DATA FILE FOR S.V. PL-OTTING

CALL SVPLOTI5VM.SVpI-g;

WRITEI6. 10011
1100 PORIIATI//Sx .'.... IF YOU ARE AT A 

7
EK418 CONMSOLE AND DESIRE ...'.'

I /50. 'us's A PLOT OF MINIMUM "_V. OF THE RETURN 01FF .....'
2 /SX. 'us's MATRIX JUST COMPUTED; TYPE THE FDLLOWINO
I /SX. 'us's AFTER SIGENS COMLETION........... ....'
4 /IX.'..- "PLOT" FOLLOWsED SY "DISSPLA SVPLOT F2RTRAM'usus'

680 IF(IRECON.EG.:IGOTO 940

HR ITS16.*4 70)
970 FORMATISX. 'us's DAMAGED B MATRIX ....s

Do 971 I * I.N

971 MRITE(I.P0)nBCEL;I.JI.Juz.M)
u NRITE(G.972)

97." FORMAT(ISfl..'... RECONFIGURED FEEDBACK GAINS ....,,

DO 973 1 . I.N
97 WRITEI4.901(PDEL(I.JIJ-. LI
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975 FORMAT(ISX.'vm.a RECONFIGURED NORMALIZED EIGENVECTORS RW 1

a bRITEI6.620IIIVRECON(I.J).J.1 .N).I.1.N)

976 FORN£TI/SX. 'f4-" RECONFIGURED EIGENVALUES .. 0./)

WRITE(6.977 )SNREC.WREC

97? FORP4AT(/BX.'-*-a MIN S.V a.1. . .. RX ...... AT FRED

IEIO. *aa../

aRITE(6.979)

978 FORMAT,5X ..... RECONFIOURED C-LCOP MATRIX .a....

00 47B I 1 1.~

* 'TB .*~~79 RITE(6.OZABEL..JIN

* '~~~~~60 :ALL ~U(....tL00,~ZLMN
END

..................i ...................................................

C

C SUBROUTINE SVA PERFORMS SINGULAR VAULE ANALYSIS OF

C 7HE RETURN DIFFERENCE MATRIX OF THE DESIGNED SYSTEM.

c IMSL ROUTINES RECOD LEOTIC

C EIGENS SUBROUTINES REOD: CMATML.CSVO

C CDR V.P. GAVITO VER 1.0 JANUARY. 1986

C

C .....................................taa..............................W

SUBROUTINE Z'VA1A.B.C.0.F.UNITY.Nl.MI.l,IW.ZVM.OVMAX.SVMI.S'VMAX1.

I:FEEO)

.MPLIC:T REALa81A-,4.P-Z)

REAL-S £110. 101.01 10. 101.C(IO. 10I.UNITY(IO. 10).W(21000).SVME0OO0I.

I S1(101.XL.YI .F(10. 10).S VMAX(IOOS).X.S0'(10).SVMI(ZO00O).

SVMAXI(20OOI.WA1101.D(10.,0I

kd4MCS(II. 101.FCCIO. 10).R0M1110.10).U111IC10.V11110.(0I

S. 0C(10.I0)

COMPLEX-16 WMC1 0.10) .UNITYC1IO. 101

INTEGER 4I.M41,LlZFEED

00 10 1 - 1.10
WA)!) - 0.00

..1111 - 0.00
SSa1 0.00

00 10 J - 1.10

AC(I.J) . 10.00.0.00)

ROM(I.J) C 0.00.0.00)

C)MI.J~i (0.00.0.00)

(J(.J 0.00.0.00)

VII.)*(0.00.0.001

(1(.J 0.00.0.007

* 0.ZO.0.00(

UNITYC1I..L) - (0.00.0.00)

J L.SCI1I.J) . (0.00.0.001

I.MC1I.JI - (0.00.0.00)

WMCSII.J) . 10.00.0.00)

WNC41I,j) . 10.00,..0)

WMCSI , J) a010.00.0.001

BCII..)) . 0.00.0.00)

OC(I..) . 10.00.0.00)

Gd(.)) ( 0.00.0.00)

FC1I..JI (0.00.0.00)

10 CONTINUE

00 4s 1 1-000

SvM(I( a .00

SVMAXII1 . 0.00

SvMI(II 0.00

a SVMAXII) . 0.00

45 CONTINUE

C FILL UP COMPLEX MATRICS WITH PROPER DATA

DO 100 1 . .NI

UNITYC(I.I - (1.00.0.00)
N#C(1.1 1I.00.0.00'
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DO 100 4 * .141

X4 a AC!.J)
ACC!.J) OC*LXCX.a.Doi

100 CONTINUE

DO0200 1 *tal
DO 200 1 * .141

X SCI.J)

ICCI.J) * OCM;PLXCX.0.00)

FCC,).!) - OCMFLXCY-.0O
l00 CONTINUE

00 100 1 * 1LI

* CCI-j) ZCMFLXIX.0.D0I
100 CONTINUE

Do 210 I 1.LI

Do 210 .y * .14
210 0CC!.,)) * DCMPLXIDCI..J).0.00)kC AUGMENT (IF REODI C TO INVOKE A SQUARE RETURN 01FF MATRIX
C PRESENTLY THE PROGRAM AUGMENTS WITH THE IDENTITYIC IF(I.EQaI)ooTo £50
C INDEX -N1 -L1
C DO In2S J INDmEX

C CC(J'LI.J.LI * I.Doo0o.D

C25 CONTIN4UE

550 W(I) . 1.0-01

C DISPLAY AUGMENTED F MATRIX FOR SVD

C WRITEC4.£10I
CIO PORMvATc 152. %w. AUGMENTED F MATRIX FOR SVD Comp ..... /I)
C DO 111 1 - 1.141

C O0 311K .,a
4C X2 - DREALIFCCJ.KII

C X3. DIM*GCFCIJ.KII

C WRITEIE.11IZ)s.gc,n:.x

CII CONTINUE

D400 Sa t 1.141

DO 400 j * 1.N1

NMC114.K) - DCMPLMCO.DO.X) UNITYCCj.K) -ACIJ.ICI
400 CONTINUE

C W*MWE***IMPORTANI TEWIwWu.
C 0 LEOTIC DESTROYS WMCI AND0
C - REPLACE IP4ITVC WITH TME INVERSE-
C . orhIMCI

CAL LEOT1CCWMCI.NIl-bo-wdzTYC.NI.1o-. A ICR)
*C WRITEI4.4601)
* COT FORMATIIX., C ST - A)-1 .1

C D0 402 J - I.141
C WRT~.10(NTCiK,-,l

C02 CONTINUE

CALL CMATMLIUNITYC.BC,N1NIM.MCI
4, CALL CMATMLICC.WMCS.L1,NI.MIOCI

C COMPUTE <F>*cO
C 0060004 * 1.MI
C WIITEI£.GIOO1IFCCJ.K).K.1.N1,

COO* CONTINUE

IFIIFEEOD.EQ.IIGOTO 410

IFIIFEED.EQ.Z)OOTO 410
DO 412 J . 1.LI

00 412 K * 1.M1
*412 0CCJ.K) * DCtJ.K) - OCIJ.K)

0*410 CALL CMAMLIC.C.MI,L.IM,2)

C WRITEIA.4000)

C000 F0RMATC1X. '<51 - A> *'.-1 t./
C Do 4001 4 * 1,14
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C WRITE!(6.4100)(I'UCC(J.K).K.1.MI

ClOC F0RMAT(SCE9.Z. IX.E9.2))

Coal CONTINUE

C IRITEI6.5000)

COOO FORMATCIX.IC a INV<St - A> N 3' ./)

C DO 5001 J a l.Nl

C WRITE(6.603(OC(J.K),KUI.MI)

coal CONT INUE

C WRITE(6.4000)

COOO FORM4AT(IX.1 F - G 1

C 30 6001 J - 1.Ml

*C RTE(6.4100)(WM4CZCJ.K).K-L.MI

C301 CONTINUE

C COMPUTE <G> - <F>

CAL.L CMATMLIGC.FC.LI.141.LI.WMC4)

C RESTORE THE COMPLEX IDENTITY MATRIX

DO 450 KJ - l.NI

X - )*JITY(J.I()

UNIT'VCCJ.K) - OCMPLXCX.O.OI

650 CONTINUE

C COMPUTE <1> - <F> a <G>

00 600 J - 1.Ml

4KDO 600 K -. Ml

ROM(..I( UNITYC(J.K) - WMC2(J.K)

600 CONTINUE

C COMPUTE -cl> - <G> a cF>

DO 650 .J U 1I..1

D0 650 K - l.LI

RDM1(j.ICI . UNITYC(J.XI - IdMCG.J.IC)

650 CONTINUE

C wnrrEc6.6I0)I.4(I1

CIO FORMAT(2X.*'.'*12.') . '.E12.S)

C WRITE(6.6ll)

CI). FORMAT(2X. '-%-- RETURN DIFFEREN4CE MATRIX .. U....

C D0 612 J U 1.MI

C 00 612 IC - 1.14

C XI.0REAL(ROMq(J.K1)

C YI-0IMAO(ROM(J.U))

C WRITE(6.6131J.K.X1.Yl

cis FORMATCIX.'ROM ('1..'.2' U.1..'* E12.5)

C12 CONTINUE

*C COMPUTE CSVO OF <1> - <F> - <G>

* CALL CSVDCROM.10.10.mI.MI.0.MI.MI.51.UI.VI)

C COMPUTE CSV0 OF <1> . <O> a<F,

CALLCSORMl.1L.L..IL..U1VI

C WRITEI6.600)1
COO FORMA1'(/SX.'SINOILAR VALUES FOR Wi)'.12.') -'./I

PC WRITE(6.7001(Sl(J).J-.LI)

COO FORMAT(IX.61E12.S.1X))

C WRITE (6.61S) SI (Li)
CIS FCAMATC/ZX. 'MIN SINGULAR VALUEU E25

SVMAX(I) USIMl

SVKAXI(II U 2(1)

IFCSI(14I).LE.0.IOOTO 617

!FIS2(I).LE.O.DO)G0TO 617
SVM(I) U SICMI)

SYMICI) U S2(Il)

GOTO 619

617 MPITEC6.6I6)

fit@ FORMATI2X.'..UUUUU RTN 01FF MATRIX IS RAW DEFICIENT ........ I

SVMII) . .99900

619 1(1-11 . 14(1) ..So

500 CONTINUE

RETURN

END
Soes.6 0.. ... . .U...........UUU.UUUUUUUUUU.UUUso"UUUUUU...........

C

C SUSROUTINE CMATIR. (COMPLEX MATRIX MULTIPLICATION)
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c COMPUTES, VY - AA 3 3

C IA 0U8 vROWSIN AA
c LL bOF ROWS IN 3 A8OF COMSeINA

C 13 -0OF CLUMN6SIN338

SUBROUTINE CNATML(A.3.IA.LL.13.YVI

COMPLEXsL6 AIO1)310 ~.YI.0
INTEGER IA.LLI3

DO SO I - 1.1*

DO 20 j * 1.13
YVI.jI a (0.00.0.00)

'0 10 INDEX - 1.LL

lv~Il.l W V- j AM!.IlNDEX) BDCINDEX.J2

10 CONTINUE

20 CONT INUE
so CONTINUE

RETURN

END
CMW..... UWW ............. No* ... on*"* ..WWWMSWWWWW......WSa.* MW......

C

C SUBROUTINE CSVD

NC COMPLEX SINGULAR VALUE DECOMPOSITION SUBROUTINE

SUBROUTINE CSVD (A.MM4AX.NAX.M.N.IP.NU.NV.S.U.V)
.MPLICIT REAL(A-NP-ZI

CONPLEXWIGA(MMAX. LI.UCIM4AX. 1I .VINMX. 1)
INTEGER M4.N.IP.NU.NV
REAL-@S (1)
COMPLEXWI6 0.R
REAL-$ 3I100).CCI00).T11001

s DATA ETA.TOL/l.SD-8.1.D-SIl/

NP INAIP

* NI.N.I

* C

C HOUSEHOLDER REDUCTION
C(1) '0 .00

C
C ELIMINATION OP A(I.IC).I.K...N

ZS0.00
DO 20 I.9,M

20 2s.DREAL(A(IIKIIWW2.DIMAGCAI.UIWWo2

IF (.-LE.TOL) GO TO 70

4 WODSORT!ZI

k4.CDA3SIA(C.ICI

G.(I.DD.0.001

IF (I..NE.0.DOI 0.A(K.CI/w

A(K.flI.QM(Z.N)

IF IIC.EO.NPI GO TO 70

00 50 JWKflN

00 30 IWK.M

.5s 30 0.ODCON.JGIAII.ICIIWA(I.JI

DO 40 IsICH
60 All J.JIA(I.JI-OWA(IKI

s0 CONTINUE

C

C PHASE TRANSORMATION4
4 0S-DCONJOIAIIC.KII/CDA3S(AOC.K)I

00 60 J'lI.NP

60 AIK.J).GMACK.JI

C

C ELIMINATION OP' A(I.JI.J.C....... 
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70 IV (K.I0.N) 00 TO 140
2-.00

00 00 J'IC1.N

so Z.Z.0RE A(C .J))n2a2.0MOfACK.J))*2

CEKI 1.0.00

IF C2.LE.TOL) 00 TO 130

W.COABSCA(K11113

0.11. 00 *0.00 1

IF (W.NE.O.001 0.A(K.l31/W

00 110 1-K1,M

0-(O.00.O.001

DO 40 J.Kl.N

90 @0.-OCOMJ(A(iC,J)M4C?..JI

0.0/12' (Z.w I

00 100 J.KI.N

100 AI.Jl.AII.JICQ-A(KJ)

110 CONTINUE

C

C PHA36 TRANSFORM4AT ION
0-OCONJ0IAK.C1 I)/COA3SIA(K.Ki))

00 120 I.111.M
120 AI.1C11.AI.K11'Q

130 (.'(1

00 TO 10

C TOLERENCE FOR NEGLIGIBLE ELEMENTS

140 EPS-0.00
00 ISO K11.M.

T(K) IC(K)

ISO l[PS.OMANIEPS.SIKI'T(K))

EPS.EPS-*ETA

C

C INITrALIZATION OF U AND V

IF (NU.E0.0) Go To IS0

00 170 J.1.NU
00 160 1.1.14

160 U(1.J).I0.D0.0.001

170 UCJ.J)-I.100O.00IO
to0 IF INV.EO.0) 00 TO 210

00 0100 J-1.NV
00 110 I-I.M

190 VIJ.00..0
.00 V .J(.0..0

C
C OR OIAGONAL:ZATI0N

010 00 300 KXK.M

C TEST FOR SPLIT

'I0 D0 230 LL-..I

IF (OA9ST(L)).LE.EPS) G0 TO 290

IF IOASS(SCL-)).LE.EPS) 00 TO 040

030 CONTINUE

C

C CANCELLATION Of E(L)

00 CS.0.00
SN-. .0

LI.L-I

DO 280 I.L.I(

- F.SNOTCII
TCII.CS"TIII

IF CDOASCF.LE.EPS) 00 TO 290
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OS.H..k

SH-F/It
IF (NU.EQ.03 GO TO 260

00 250 J.1.N

X.DEMCU(J.LIJ)

Y.OEAJ..U(J. II)

UCJ.LI 3SOCMPLMXNXCSvuSN.*o 00
210 UCJ.I)*OCMPU(Y.CS.XSN.0.DOI

260 IF (Iw.E0.N) GO TO 230

DO 270 JSHj.NP

OSACLI .43

ACLI .J)QCS-R.SN

270 AC.3Q C's

23'10 CONTINmm
c

C TEST FOR CONVERGENCE

IF0 (-() 1L.EG.KI GO TO SG0

c

C ORIGIw SHIFT

V*SCK-j 3

0.T(K-t)

N.? (K 3

IF (F.LT.O.00) Ga-a

Fs-(x-w)u(x.wI.rv/cF.I..~n3.wx

C

.0. C OR STEP

03.1.00
a... SM.1.00

LI.L*I

DO 350 I*LI.K

01(13

N.OSORT(I-r.F.FI

CsaF/w

SHN/

FsK"CS.GWSH

o.G~CS-X.sN

IF (NV.EO.0I GO TO 310
A 00 300 J*I.H

XaCREAL VU14 -1)

M.OREALCVta. 33

VCJ.I-I 3OCNPLA(XWCS-wS.o.oo,
300 V(J.I)aOCHPLXcWsC&-.SN.O.003

310 N-SORT(H-N4FWFY

F.Cs.G.Smuy

IF CNU.EG.03 GO TO 30

00 320 J*I.N
VCOREALCUc4.I-x 33

IhOREAL(U(4. 1))

U(J.I-1-3 SCILXIYWCS.W.SN.0.0)0)

320 UCJ.I3.0CMPLXCM.CSy.SM,. 03
330 IF CN.EQ.HP3 GO To ISO

A 00O 340 4-m.wp
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AC 1-1.4 .QCS.A*SN

540 AI.J).R-CS-ONSH

550 CONTINUE
T' L -. 0

CCONVERGENCE

340 IF (W.Oe.0.00l 0a TO Soo

l(I .-W

ZF 1NV.EQ.OI 130 TO ZBO

00 '70 J.I.N

370 VCJ.K].-VCJI

380 CONTINUE

C

C SORT SINGLAR VALUES

00 450 K.1.N

0.-I .00
J.IC

DO 390 1.K.N

IF (SCI).LE.O) Ga TO 390

390 CONTINUE

IF CJ.EO.I(I 00 TO 450
SCJI.S(CI

IF (NV.E.0) 00 TO 410

00 40 I.I.N

a.VCI.J3

VI.J 1.VCI. IC
400 VCI.K).Q

6 10 IF (NU.EQ.OI 0O TO 430

DO 420 t(.N

rjUIJ.UCII

420 UCI.K).O

430 IF CN.EO.NI1 Ga TO '50

00 440 I.NO.NP
* 0.ACJ.II

* AJ.1).ACK.1)

440 ACK.II.O

4S0 CONTINUE

C

C BACK TRANSFORMATION

IF (NU.EQ.0) Ga TO 510

00 S00 KKaI.N

K.NI-IKK

IF (I3CIC.EQ.0.O0) oa TO S00

Q.-ACC.K 1/COASCA (K.KI ))

00 440 J;1.Nu

460. UtK.JI.0.U i.J

00 490 J.1.NU

* 0.C0.00.O.DO)

DO 470 I.C.M
470 0Q.QOCONJOCAI.K)IWUI.J)

Q.0/(COAlSIAIK.I(I I*CICI

00 480 1*K.M

460 UCI.J).UCI.JI--ACI.K)

490 CONTINUE

S00 CON4TINUE

530 IF CNV.EO 00 G TO 570

IF CN.LT.2) 00 TO 570

DO £40 KI(.2.N
K.NI-KK

IF (CCCI)I.EQO..D0 00 TO 540
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0.-C0MJGCA(K.K1)) lCGASS(ACIC.C0 1
00 520 J.I.Nv

520 V(KI.j).QRVCKI.J)

DO0550 J.1.NV

c0.10.00 *0 *00)

00 110 I-lC1.N

$SO Q.O.A(K.IIpV(I.J)

Q.0/CA83(A(C.K1I 3.C(K I)I

DO 540 I.Il.N

540 V(I..J).V(I.J1-GmiOCO.JGCAII.I11

550 CONTINUE

SGO CONTINUE

570 RETURN

Z40

..... WNWU ...... N.N *...............................................

C SUBROUTINE SVPLOT, GENERATES DATA FILE FOR USING DISSPLA

pC TO PLOT MINIMUM SINGUL.AR VALUE OF THE RETURN

C DIFFERENCE MATRIX VS. PREOUENCY

3SIOUTINE SVPLOT(SVM.SVNI.W)

REAL4 M(Z2000).SVMI2010O.SVM11200O)

DIMENSION hP(2000.SVMP(20001.SVM1P(20001

C CONVERT DATA TO SINGLE PRECISION FOR DISSPLA COMPATIBILITY

DO 10 1 - 1.2000

hiPlI) SNdGL(W(111

~V (dI3 *SNOJ..SVM(II
sVMIPI SNOL(SVMI: I!)

10 CONTINUE

00 20 1 . 1-.000.2

so FOQMATCSIE12.S.1X.E12.S11

10 CONTINUE

9 RETURN

* END

m .... ..... .a . ....e see N ......ew.... .... o~e P *wes ...... ..... ~
C

C SUBROUTIN ICVECT: CAL.CULATE$ 'CEOBACC GAINS VIA

C KAUTS(Y. ET. AL. ALGORITHM! (19851

C

Co.. ON ....f~S eU~ ~fU.e e.u uUNN Mm .. 0..0#...eS

SUBROUTINE KVECT(A.S.C.D.EIO.F.N1,M1.LI.vo.V.IFEEDI

IMPLICIT REAL-S(A-H.P-Z)

REALI 10 0.(013.C011F1.0.U(01ICIO11

2RZ(10.10l.WAREAII251I,WAREA2CSOI).0110.10.CSIIO. 10).

I UTV31O. 101.R2INV(10.103.Vt110,10..i,(420).CSS:NVI0. 10).

4 51(103 .S2(1 II .K11201,WKI2(201 .WA12'0).33(101 .WihCBI50.BGI(10. 101.

5 VOSTUIO.103.VOIGTll0.d0la(10. 101.UO(10. 101.UIT111.10IU1CIO.101.

7 UOTI1O. 101.RNULL(I1O10).SVMAXI(,000 ,l.P 1.103.331110.101.

I .RNULLC(10.1l0).WV(10).WVIC(LO).RESI 0.10).VSAVE(IO. 101.

4 2 V05110.101.VOIS(10. 10l.UVOS(10. 101.VVOSCI 0101 .UVOISC10. 10).

S VVD1SCIO.101.21 .VOIIO.101.EIGom(l10 0.EVIIIo.10).VEVIIIO. 101.

4 VMA(1O.10).UOTC~iO. 101.UTVC(IO.10 .RZINVC(I0. 101.PC0. 101.

s VoICIo. 101.VIVIIo.101.UOCI 10. 10.COTC(IO1O0.CITC1 10.103.
6A ZUI1O.10).3P1C(IO.10).ZINVCC(IO. 101.FCZI1O.1I 3.OCFCI1O.101.

7 PCSIIO.I0).0C110. 103 .RZCI1O. 101.CINVZ(I0. 10 1.OCPCICI 0.101

S.XV5C 10.101.XV( 10.101.XVUCI .103 .XVV( 10.101 .SXCI 10.101.

I XOTCIO. 101.SXXCl0. 101,RU(10. 10).RV(10. 10l.RVV(10. 101.RX(10. 101

COMPLEX-16 RtXZ(I0.101.XVTC 10.10) .XEIIO. 10) .43110.101.AX(110.10).

I 1CECK(IO.10).RVU(IO.10)

INTEGER NI.MI.LI .1W8110001. ICIIOI. I00I1.100120l. ICI(ZO;.

I IRONI(1.101.IFLTC1I,)IELEMCI0I.ILOO. IFEED

REAL*4 SROSJ.EFS.SNVIIOIVL3(I00l,VUBIIOOI.RAI20.401.0I .0*1(201.

I WKS(S001.IBJ( 100l.CoUj.GcC2OI.-EUR.UC.EPSM.EPSC.EI .E2
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OM*RACTEREOO ?TIT"

C INITIALI1ZE MATRICES 6 VARIAMLS

c

cps 0 .
E - 0.

El *0.

a'.* 0.
DO 10 1 - 1.10

*0.00

32(l) 3 .00

08(1) *0.00

5CC!) *0.00

SX(13 0.00
p6 MVII) *0.00

OP(I) *0.

SMv(Z) *0.

00 10 1 - 1.10

UT10.J) * .00

vt ( I. -i) * 0 .00
% CU(I.J) *0.00

0SZ.J 0.00

SN(I..J1 O .00
AC(T.J) ( 0.00.0.00)

BP(.1*0.00

3S111.I.J1 (0.C0.0

IO(.) -10.0.0..001

EIOI.J) - 10-D.00.0.0

VEVU(I.J) -10.00.0.0)

VMA(Z.J) - (0.00.0.001

I- UTVCI.J) - 0.0

VUS(.J) - 0.00

VST(I.J) - 0.00

VOOs1I..J) - 0.00

V015710.J) - 0.0

tJI.J)t 0.00
UOC.J) - 0.00

u0(t.J) - 0.00

UTC(.J) - 10.00.0.001

U110.J1 u .00

JIrt(.Jl O .00

UITC(I.Jl 10.00.0.00)

RN).LL(0.41 - 0.00

uu RES((.jl - (0.D0.0.001

RzINv(.j) - 0.00

UNY(.J -0.00..0

Am,.11J; : (0.00.0.00)

-. sv(z.jl - 0.00
SCi'K((.J) - 0.00

AAC(.J) . 0.

IRO(.J) 0

UN.ITVCI.J) *(0.00.0.00)

COTC(I.J) - (0.00.0.001

Z)?EVCC10.J) u (0.00.0.00)

'P. C3((.Jl - 0.00
CSSZNVCI.J) *0.00

CINVZUI.J u (0.00.0.00)
SpIC(0.j) - (0.00.0.00)

PCZ(t.J) -(0.00.0.00)

vCC(I.J) - (0.00.0.00)
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PC I.J) (0.00.0.00)

FCC(I4I (0.00.0.00)
FcS(I.Jj (0.00.0.00)
XVU(I.J) *(0. 00.0.0DO)

SXv(I.Jl - (0.00.0.00)
((0711.4) - (0.00.0.00)

h 1  RX(I.J( - (0.00.0.00)

4X2(1.J) 0-1.0.0.10)I

I0 CONTINUE

00 12, 1 -1.20
NaCCI) - 0.00

WK((1I) *0.00

GCC?) - 0.

WAMI - 0.00

hOC4lI) *0.00

12 14(2(11 - 0.00o

00 131 I t .NIQ

WAEA2(II - 0.00

is AREAlCI) . 0.00

00 S I - 1.100

VLB(I) - 0.

VUBCI) - 0.

S BCI -(41 0.

00 14 1 - 1.1000

14 1111(11 . 0

00 1S I - 1.3000

is 1'((1) - 0.0
CP .. *WW4W.... 0.0.0.0 ... w .....wuum.w. ...... . .~.w ...

* C

C REINI? UT. SUILD COMPLEX( A a FIND SVO OF 3

C

00 20 1 - I.NI

UNITY(II.I - 1.00
CUTC.1) - !..IQ

* UNITVC(I.I2 - (1.00.0.00)
UT(I.I 1.0

* 
00 '0J LN

20 AC(I.J) .'0CpMPlXAI.jh.0O0)

CALL LSVDF(SS.I0.NI.M1.UT.I0.NI.s.W1(.IER)

CAL.L RANKD(BS.UT.S.N1.MI.UOTC.UITC.RZINVC.IRANK.e0I)

CALL FRTCMS(*CLRSCRN*M

IFCIER.NE.3001' 2S

WRIT E C 6*24 2 RANK

24 FORMAT(/((. . I IS RAWK DEFICIENT. RANK .10* ./

0070 42
C DECOMPOSE S

C FIND u
25 IRANK * MI

00 21 I - 1.N1

00 21 j * I.N1

21 U(I.J) - UT(J.1)

C FIND UO & UO TRANSPOSE

00 22 1 * 1.NI
00 22 .1 - I.M1
UO(I.J) - U(I.i)

UOCCI.JI * CPPLX(UO(IJ).0.00)
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22 UOTC(J.I) - DCMPLXCUCI.J).O.D*J

C FIND UI A (JI TRANSPOBE

DO 2S 1 s 1.Nl

DO 23 J . MI - l.N1

UtIIJI - UCI.J)

UXT(J-Ml.I) - U(II.JI

25 UITC(J-MI.I) DCMPLXCU(I.JI.O.00)

DO 30 £ * .141

VIII.J) *BS(I.Jl

so CONTINUE

C WRITE UTADT FOR DEBUG

4RITEC4.500)

5S FORMATI/IX.6'N"".3,JT *N*./

CS0 CONTINUE

1yC WRITEC6.600)
COO FORMATI/$X.* .... IJT N.. /

C DOSJ 65 1 .N1

C WRITEIG.SZSIIUOTCJ.K).K.1.NII

CSO CONTINUE

Cs NwSSWNNSNNNMNW WNNNUNNWSS

CO OMT/X'-OUT...

C

C IDO AG - IGI LAD ....141-

40 VT(Z.J) V1(4II)

DO SO I . 1.141

so 51411.1) *SC?)

N.'CALL VLF(MV.lm.l1.0R.0IR

DO Al 1 - 1.1m1
DO Al .* .14

41 RZC(IJ) - DCMPLX(RZ(I.JI-..DO

CannSN............. NNNNNNNSN".No%....0 .. ... . NNUU... SM..............

C COMPUTE UNSIGMA-V TRANSPOSE FOR P014 DEBUG

c

DO 92S J I 1.NI
8'' 25s SMCCJ.JI - S( j

* ~CALL VMULFF(SMC.VT.NI. M.11.0. IO.SV. 10. IERI

CALL VMULFF(U.SV.Nl.Ml.Ml.10.l0.BC)C.1O.IERI

WRITE(6.SOO)

SO0 FORMAT(/SX.''.s. U 0 SIGMA a VTRAN ./

DO BIG J - 1.Nl

%p ~WRITE( 6,52S) BCHKIJK 1.0 I.Ml)

$SO CONTINUE

C

C "SELECT" EIGENVECTOR MATRIX

C (PROGRAM EITHER READS IN THE DESIRED SET FROM SYSTEM DATA

C PILE OR HILL READ LATEST DESIGN EIGENVECTOR MATRIX FROM
of '

C PEVIOUS COMPUTATION)

CNNNNNN........NNN.NH.. NNNNNNNN..NaN...... a ....... N...........

42 WRITECA.AR)
4 69 FORMATI/OX.'N.NN PRESENTLY IN KVECT. ENTER "I" IF YOU DESIRE NoNS

1' ./lOx. '*No. TO USE PREVIOUSL.Y COMPUTED EIGENVECTOR MA- NU'

a 2./lOX. TRIX OR ENTER "2" IF YOU DESIRE TO RECOMPUTE-nS.'

3./lOX. moWno THE EIGENVECTOR MATRIX. mno.,
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3r,*,*j,,v,, *.WWt b VWllwllm

READIU. 1050 flOP?

IF(IOPT.EQ.ZIOOTO 57

00 68 J * UN!1

DO 8 KC - 1.NX

REAOCZ.64IV(K.J)

54 FORMATC2EI2.5I

S CONTINUE

CALL FRTCMSI'CLRSCRN 1)

4 DOTO 6
57 NRITE(6.701

70 FORMATISX ...... PRESENTLY IN KVECT SUBROUTINE, BASE ...WW'.* 5X.

I -a.e EIOENVECTORS ARE FROM DATA FILE. e~ /K
.... PRESENTLY CHECKING IF THEY ARE MEN- n--t*. /5.

- wets BERS OF ALLOWABLE ZUPSPACE. 'e /

SI DO 75 * .N1

DO 75 i * L.N1
75 VCI.J3 * VD(Z.JI

CNW~N.M.*.**~WW.M.WN.***W.M.W.UMNN........W.h.W~We*.

C

C CHECK IF DESIRED BASE RIGHT HAND EKOENVECTORS ARE M4EMBERS OF THE

C NULL SPACE OF <U! TRANSPOSE - <A - LANOHA I -I>>

C
CeNN ............WNwt*WWM....WN*W*" .. NoWA....................... **W

ICON.J0 a

00 s51I 1.NI

*1 EZGODI)
D0 S6 . * 1NI

DO 55 K - 1.NI
55 AML(J.IC) - DCMPLKA(J,KI.O.00I - fle-UNITVCCJ.K)

IFIIRANK.EO.M1IGOTO 43

IV - NI-IRANK
COTO 44

45 IVSN-MI

we45 CALL CMATNLCUITrC.AMtIY.NL.NI.RNLLLC)

DO S7 i w 1.NI

57 WYIJI w VIJ.Il

5 CAL-L Z-fAThLINULLC.WV.IY.NI.1.WVIC)

DO So a tIly

58 RES(J.II * wvICIJ)

C FIND Z-NORM OF THE RESIDUAL

V a 0.00

DOTS6 J. 1.IY
76 V . V * DREALIRESCJ.I1)C02 DIMAD(RESIJ.II)e-2

ROBJ . DSORT(VI

C IF Z-NDRM OF9 RESIDUAL IS OI< -- JUMP OUT

* IFIROBJ.LE.1I.D-OSIGOTO SS

Coo ...... 0 ........ .......... nUN ......NS.NSW .....WW ... CNNNN.... ......

'9 C
C IF EIGENVALUE IS COMPLEX. THEN PERFORM THE OPTIMIZATION

C ONE TIME FOR BOTH THE EIOENVALUE AND ITS CONJUGATE.

C
C .... ss....sON .... s. ..... *a we.........w...we. ...ewm......

IF(DIMAGCZII.EQ.O.D0IGOTO 96O

IFCICONJO.EO.UOGOTO 97

ICONJO - I

960 flITECS.100I.ROBj

1000 FORMATC//iSK ...... RESIDUAL TOLERANCE EXCEEDED FOR DESIRED ....

1,./BK. *'.ePs BASE EIGENVECTOR NO. .1.*ENTERING ADS

......... * nfl WITH R08J e '.E1..B. n.N.

3.iBx. 'a-"-~ C-LOOP EIOENVALUES HAVE BEEN SPECIFIED.. Pn*e

4.15K. eN.e" ENTER NO. OF ELEM4ENTS OF THE EIGENVECTOR ....

B .15K. '*en" WHICH MUST BE ARBITRARY. W"

6' ./1

READ(N.1050 IIELE
CALL FRTCMSC('CLRSRNI

IFIIELE.EO.0100T0 952

9H1 WITEC5.I00IIIELE.I

1001 FORMATI/IC.-wee' ENTER ROW NUMBERS OF THE .1.*ELEMENTS New
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1.~'SX u..wOF EJOENVECTOR NO. * .' WHI4CH ARE ARBITRARY 10

opIN mau IN 12 FORMAT. EXAW _E: "0102" ae

s. ')

RtEAO(..IOOZICIROW(J.Ib-J*1. ELE)

1002 FORMATC1012)

CALL.) FRTCNS( *CI.RSCRN '

C0400m ... O-N ........ ... N *U*S......NNW Whuf %amN** ...... g

C

C SET UP FOR ADS OPTIMIZER CALL IN SINGLE PRECISION FOR RESIDUAL

C
C ....... 0.." .......................... WW*WNK ..... ft .......... U*no..S

062 SRCIJ - SNOL(ROBJ)

:NPO .

13TRAT - 0
IOFT - 3

ZONED - I
NOV . 2.-NI

NCON -0

IGRA 0

tFRINT *1000

NOT .

NRA - 10

NCOLA - 10

C SET BOUNDS

C ASK ALLCbIE! TOLERANCE ON DESIGN EIGENVECTORS

rIr(rELE.EO.OIOOTO 1007

* 100s WRITE6.1003)
1003 FORMAT(/SX( .... ENTER REAL UPPER BOUND OF ARBITRARY ELEMENTS ....

1'./sx. . IN "F12.5" FORMAT. ENTER -I- FOR NO BOUND.- .~

READI.1020 (UR

'NITE(6.10041

1004 FORMAT/SN., .... ENTER IMAO UPPER BOUND OF ARBITRARY ELEMENTS ....
1*./1c. ... " IN "P12.1" FORMAT. ENTER -I" FOR NO BOUND. "*0w*1

REA(..1020)UC

Ip(UR.NE.,1.E-0610T0 1006

UR - .IE.21
1006 IFIUC.NE.I.EO6)OTO 100S

UC - O.IE*21
100S IF(IfLE.E.N1GOTO 1013

1010 FORITEI6. 0 ENTER ALLOWED EIOENVECToR TOLERANCE IN "F12.1" PO

IRNAT *a..* .iX.,* . FOR THOSE EtOENVECTOR ELEMENTS *~ /0

-%... WHICH ARE NOT ARBITRARY..1

WRITE (6 * 1011)
t011 FORMAT(SX ...... ENTER TOLERANCE ON REAL PART "K /

-% READI..1020)EPSR

1020o FORMAT(F2.5)

WRITEI6.10123

1012 PORMAT(SX. .... ENTER TOLERANCE ON IMAO PART ..~K.1
F. REAO..10201EPSC

1013 CALL FRTCpq('CRSCRN

jj . 0
DO 77 1 - 1.NDV-1.2

KPIN -

)PItELE.EO.OOGOTO 1026

1014 DO t025 K 1.IIELE

IF~iJ.E.IRON(K.IIOTO 102S
KFIND.I

VUBQ.) *UR

VUsCJ.11 - UC
VL3(J) - -(JR

S VLB(J.1) - -(IC

0021 CON4TINUE

IPIKPIND.EO.IOOTO 1027

* 1026 X * REAL(VDLJJ.I))

Y . DIMAO(VtO(JJ.I))

VU9IjI . SNOLIX) * EPSR

VUBIJ.I) *SNOLCY) *EPSC
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VLICJI - SNOLcxl - cpsoA

'WLUJ*1I - sNoLCYI - epSC
1027 XI * REALINV '411

Vi - DINAOCWVCJJII
SWdV(J) * SNGLuUI

SNVcJ.1I SNOLCYI)

IC~iJ - a

ICCJ1I) *

OF(J.U)
77 CONTINUE

00 78 *

44 - J.J
WV(JJ) *CHPLXCSWV(JI.SWV.J.III

78 VIJJ.I2 . NV(.JJ

IFCtHFO.EO.GIGOTO S4
C REEVALUATE OBJECTIVE FUNCTION

CALL CMATMLCRNIJLLC.WV.IY.NI.I.NVICI

DO S2 1 . 1.1y
32 RESIj.II *bICC(J)

V .0.

*DO as i - 'Y
a*s Y - Y * DREAL(RESJ.:))-,. D IMAG(RESIj.j)I..O

* ROBJ - OSORTCY)

SROBJ - SNOL(ROBJ)
C CONTINUE WITH ADS OPTIMIZATION (MINIMIZING RO04)

GOTO 84
SA WRITf(6.QS)ROqj.I

95 FORMATCIlX,... OBJECTIVE FUNCTION VALUE *.I.I *" /X
'-*. FOR EIGENVECTOR No .1 *.....

XPtDIMADIZ1).EQ.0.00)GOTO SS

IF(ICONJG.EO.I)OOTO SS
97 20 90 K - I.NI

ICaNJO - 0
95 V(.tl *D

Is CONTINUE
C ..........N........................... ........
C

pC DISPLAY RESULTS OF <UIT-<A-LAMDKA-.I .DESIAED BASE EIOEHVECTO*S
C

C.. .................. *.........

WRITEC6.65I
65 FORMATI//SX. .... THE FOLLONING MATRIX DISPLAYS THE "NEANESZ" OF.

I"-** .'II. '-ft THE DESIGN EIGENVECTORS TO THE ALLOWABLE SUB-
2A * /SX .5. .....~ SPACE FOR TH4E 3YSTEM UNDER ANALYS-S I'N COLUMN .
..... ~/SX . ..... FORMqAT. IF THIS 'NEARNESS- MATRIX IS NOT SATIS-.

44--.. S .5. ..... FACTORY. ENTER -I'. PIVECT WILL NOW USE THE DES- .

* /llSX. ..... ION EZOENVECTORS AS THE NEW DESIRED BASE EIGEN-_
6 4 ".'/SX. '-- VECTORS AND REPEAT OPTIMIZER ROUTINE. OTHERWISE.
7... .151 . ..... ENTER '. NOTE, -ZERO" I .D0I
a"* .. /)

DO 6 1- .1y

41 FORMATIIX.9(ES.1.IIII

60 CONTINUE
READOC.1050 ISAT

1000 FORMATIII)

IFCISAT.EQ.Z)GOTO 44

DO 95 1 - i.Ni
4 DO 93 K( . I.NI

a 93 VDCJ.K) * V(J.I(I
* OOTO 51

4 C
C FIND INVIV) .... IN4VERSE OF OPTIMIZED EZOENVECTORS
C TO C14( FOR INVERTIBILITY
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C
C.wEw.U.......S.......Su ... W....O . .*U.W... M

64 DO 94 J - 1.141

00 94 K - I.NI

IP(IOPT.EQ..I)GOTO 211

WRITE(2 64 IVIK.J I
211 VD(J.K) . V(J.K)

94 VSAVE(J.KI - V(J,K]

C DEBUG WRITE STATEMENTS

C TITLE'VI

C CAL . CWRITEIV.NINI.TITLE)

C CALL CWRITE(UNITYC.NI.NI,TITLEI

':ALL LEOTICIVSAVE.NI.O.UNITVC.Ni.,O.O.A.ER)

: ALL WRITV(UNITVC.NL.,i.TITLE)

C CALL CMATML(UNITYC,V,NI.HI.N1.VIV)

C CALL CWRITE(VIVNI.NI.TITLE)

C RESTORE UNITYC AND REPLACE WITH VDI

00 210 I I.Nl

DO 210 J - 1.Nl

VD1tI.J) • UNITYC(I,J)

210 UNITYC(I.J) . DCMPLX(UNITY(IJI.0.DQ)

C ..S.... . 0 ......................... .... ....EMS WSMWSMMWWMMWNNSUS ..

C

C FIND 2-NORM CONDITION OF OPTIMI:E3 EIOENVECTOR MATRIX

C

Cn. .W....W.........................................................

DO 79 I - bNl

DO 79 J - I ,N

VDS(IJ) - VCIJ]

79 VDIS(I.J) - VOI(I.J)

CALL CSVDIVD..I0NI.N1.0.NI.NI.,VDS.VVD$)

CALL CSVDIVDIS.10,10.NIN1I0,NI.NIS,UVDIS.VVDIS)

COND2 - SI(1I"SZ(I)

C CALL FRTCMS('CLRSCRN )
* * .RITE(6*BSICONDZ

8 FORMATI/SX..... -NORM CONDITION NO. Of EIGENVECTOR MATRIX ....

WRITE(6.10401

1040 FORMAT(//SX.*.... IF 2-NORM COND NO. IS UNSAT ...... /5X

1. '"w. ENTER "I' TO MIN COND<V> VIA ADS. .*./SX

2. .... ENTER "," TO RE'URN TO ADS MIN OF RE- .-."'./SX

3 1n. SIDUAL OF <V>. n...../SX

4. * IF 2-NORM COND NO. IS SAT, ENTER"S" .".. /SX

S./i)

READC*.10S0)ICOND

10SO FORMAT(I)

CALL WRTCMS('CLRPSCRN 'I

IF[ICONO.EQ,.]GOTO 51

86 IC(ICOND.EQ.SGOTO 91

C

C SET UP OPTIMIZER CALL FOR 2-NORM CONDITION NO. OF V

C NOCON - x OF ORTHOGONALITY CONSTRAINTS

C NSSCON . 2 OF ALLOWABLE SUBSPACE CONSTRAINTS

C NCON . TOTAL 8 OF CONSTRAINTS

C CAUTION!!! NOT OPERATIONAL

C

C .... 0.............WSUUN...................o......0......

COBRJ SNGL(COND2)

INFO - 0

C.. ............................................

ISTRAT - 0

1OPT 4

IONED * 7

C C..............N ...............................

NSSCON NI

C WRITE(6,1070)

C070 FORMAT(//SX..... ENTER NUMBER OF ORTHOGONALITY CONSTRAINTS ....

C I /SX. NN"N IN I FORMAT. EXAMPLE, "06" ......
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c 23
C It;"(*. LOOZINOCON

NCON - NS3CON

IPRINT * 2020

NOT : 0
M * 10

NCOL.A - 10

NOV - C2-NIONI

tI NI - MI

c IF THIS IS NOT THE FIRST PASS THROUGH THE CONDITION NUMBER

C MINIMIZATION. ASK THE USER IF ME/SNE DESIRES TO USE THE

C CURRENT ZIGENVECTOR MATRIX OR IF THEY CESIRE TO USE THE
_:GENVECTOR 4ATRIX COMPUTED ZURING THE RESIDUAL 'INIMIZATION.

A4ITES Ii ?D7

1071 FORMATU5X. '. IF THIS IS THE :41TIAL CONDITION NUMBER PASS ....

1' ./sK. '. ENTER -,". IF NOT AND YOU DESIRE 7O REENTER ....

2' T'.. .~ HE OPTIMIZATION WITH THE UPDATED EIGEHVECTOR ....

* S/IX '. LI NTER 'CZ". OTHERWISE ENTER "I" WHICH WILL RE-."...

* "118 * .""START THE OPTIMZATION WITH THE EIGENVECTOR ... "

* 1l'/./K MATRIX IN 'DESVEC" DATA FILE.

READ(-I ".1501ICON

IFIIICON.EO.CIDOTO 1072

00 1075 1J*IN

DO 107 : l.NI

1075 VCJ.KI - vDIJ.KI

C ASK ALLOWED TOLERANCE ON EIGENVECTOR ELEMENTS

1072 W4RITEG.10801

1080 FORPMAT/SX' 'mV"" AT LEAST TWO EIOENVECTORS MUST FLOAT DURING THIS

I .*-"'.S 'I...... OPTIMIZATION. ENTER -HE COLUMN NO.^S Of' THE EIGEN-

2 ....../ .18.....~ VECTORS WHICH MAY "FLOAT" IN ASCENDING ORDER IN

S 3 " ...X.'" I2 FORMAT. EXAMPLE: '0I02" WILL FLOAT EV 8 1 6 2.

READ C .L10CR UR
WRITEIL. 1004)

READ I" .1020)ULC

P IF(UR.NE.I.EOAIOOTO 1082

1081 URC O . IE-.
a~ I IF UC.ME.'..EO6GGTG 1084

'V 1083 UIC - 0.1e.21

1084 WRITE6.I010)
WRITE6,1011)

READC( *10CR IEFSR

WR IT! IA * 1 C

READ(-. I0C0)EPSC

C REINIT AND SET BOUNDS

d DO IS0 K - I.NI
ICIK) 0
OFIK) 0.

00 111 L 1 1,.NI
K . DREAL 'VIL .ICK

Y . DIMAGCV(L.ICII
XBJCJ) - SNOLIXI

XBJIJ'1) SNOLIVI

G0 131 It I.NI
1II IF(IFLT(II.EG.ICIGOTO 2200

VU3CJ) - XBJ1.JI - EPSA

VU3(JIIl - K8iJJ.I * EPIC

'V - VLO(J) - X3JIJ) - EFIR

VLI(J"II - XeJ(J.II EPSO

200 VUUCJI U

VUBCJ.II - UC

VLBCJ) - -UR
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"(.IJ-1) - -lC

IS 10 CONTINN

* C WSWt WRITE STATEMENT

COOO POfMATC/SX.'-s- VECTOR SOUNdDS root AO$ ..... ./I

C C 001 OO * 'o

C WRT(.:0)vLSJ.X3,fl.VIetgI

COO0 FOKATIiKS(E1.S.2Xfl

CDOI CONTINUE

C DEFINE CONSTRAINTS AS NONLINEAR. :NECUALITY

'ET BOUNDS 0.4 CONSTRAINTS

.iAITE(6.104OI

C060 lpOArAT/sx.,:::: ENTER ALLOWED TOL.ERANCE 3N MNSAORTOGONALIT ..

C P/. sM OF ElENVECTORS 'N DECIMqAL 'OARqAT. ....

C RE!AoDC..1^OI

iRITE(6.10621

1062 FORKAr(/5)(...... ENTER NEW DESIRED E:GENVALk.ES PoR CONDITION *..

P ./IK. 040- HI.MN. ENTER IN SAME ORDER AS DATA FILE. *~

Z /55. .... NOTE! EICENVALUES "UST 35 ENTERED IN SAME *.

* ,55X. ..... CRDER AS COROE3PONOING EIGENVECIOR. IF El-

&*.,SX. S** ENVALA COINRESP1MOS TO A "ON-PLOATING"

%* i55. *. :GE4VEccOR. :T-,OLD REMAIN me SAME As

o4. /5. I**TS NPU' 4ALE -0 -AAINTAIM DESIGN RQMTS.

0O 1043 1 . I.NI

A,1064 $FOQPAT(I1X ...... ZIEON4A -40 2. . ..gX. REAL. PART .1

* .' ~~1045FRMS F15

34 WOR"Al'(SX.-I"AG PART

REAOI-.1045 lY

c130(41 * DCILA.(X.Y)

;063 -ONTINLE

WRITE(4. 10611

1041 PO*MAT(,SX. .5.5 EN'ER AL..O.ED TOLERANFCE Jk ACwIfvAfL1 S ..

1 '55 *.s*SPACE :ONSTRAINTS. TwtS VALUE CORRESPONOS

S'./SX. .... -. 0 rE ALL.OWARLE EUCL.IDEAN DISTANCE 3(TWEEM~*

V .,Sx. ..... THE DESIRED E10ENVICTOR ANiC THE AC.'hEVAt ..

5..SUISPACE :OMRE:9VO.CIN0 TO 75 EIGENNAL.E 'E- 55

5 (SR.ERIED ASOvf.

- SEAD-Ivlo5)f.

_A4.L PRC"S 'C1.sco"A

C

140 CALL O( OTA.OTIDIS 2RD .tPAS.

1 :0.(AC~.C 01 ..4 C C ' D NA.'MA.COLA..5RI 30100. :bM. :OO

UPC EVALUATE OS4JECTIVE 4 COWN.RA:4'S

040 140 K

CA.LL L9.ECLCYOA'4 "I 10.R.I't . 1 MA EfM

1A2 V Ici K* UN I?'I f

DO 160 j I

A% 14% I'.> Ail * C klPt"A

.ALL 'ifN /- A, f 1: *A~')- 8 S . :IC .s'

00 30O
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V0S(J.K) *VCJKl

166 VI(J.K) - V03CJ.K)

CALL 03V(VDS.10.1S.N1.Ml.@.NI.NI.3.UVD.VVDS3

C CAL.L MOANS V.91)
C CALL MOMCV1.ll

1PCUWP0.1a.a)OO 92

COW. - 3140.1COMO2 2

GOTO 190

VC. Vol> S ... .. Strg /o I*5~

....................V I ........................

so CIND IVO ) CD!

30 91 1 m

30 :!1C . - I

:ii~~~ :s:. _K1.

CALL. 1S90) .. LI.UF1.I.C.~.Lf

SAL.L 2MWWC3.i.!.- C.I.COl'CQC.ITC.NIVCC.3AKCCOI)

23S -ONNR*?2SX ...... : -*
1

'IA -AS RANK - . 12.

IF(INM*Fa.S."I AND.IMNC.E0MI)OOO 229

CALL ED'....D.!C.G.ICC3N IL Z.P1.C

joro :16

C

C FIND IWRsi,., 6 -EEOIAC UAI43

C

00 06 j -1

94 *4 C * .

ALLJ C"&r 5*:wwC.j'vC.wI wj l.C

c -oo:0 PC ' :-E '-.A- *a. $-ATE OffOSACS

CALLi C 'a.':C.-I. ;RAWCI PC,

:4 :F :WEED Mc: Ic'o :_-I

DC.100

SAL,. r".lq or C -*1..1 Dcpc

Do :33

:33 oc :r, - .D 4 COCI/ K,

A.. FriJ s/C .i ' .1 V ._; It MA

00 :3' N

:14 .in.?,' . . 0tc tS j .I I Do

P'J JU !P '0. (I PfVW I.. &M -*S',*,0U0, JJ .d.f.

.*. .- ,, .40
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2^29 DO 220 J - N.Ml

OP 2.0 K - I.L1

TIMA8 - DIMAG(FC(J.K))

IF(DABS(TIMAG).OT..D-OIOOTO 221

COTO 220

221 X - OIMAGOFC(J.K))
IN ITE (6,.222)J .KX

222 FORMAT(/SX, INm WARNING! F('* 12. . .0.' HAS AN ,/BN.

I -ows-N IMAGINARY PART - *.EI2.S,/SX.

2 *NUN EIOENVECTOR MATRIX MAY BE ILL CONDITION1ED .NN .,

-.0 CONTINUE

C SORT OUT REAL PARTS OF F MATRIX

C

DO 132.3 N I.MI
DO 132 K . I.N

IS2 F(J.K) a DREALIFC(J,K)

C NRITE(4.100)

COO FORMAT(/SX,*- NN P MATRIX RESULTS FROM KAUTSKY ALGORITHM NNU ..

C DO 1.10 1 - .M1
C WRITE(6,10)C(F(I,J).JN 1.N1)

C20 0:ORMAT(IX. -(E10..IX)

CIO CONTINUE

C FIND MINIMUM SINGULAR VALUE IN FREQUENCY RANGE .01 - 100 R/S

CALL SVA(A.B.C.DFUNITY.NI,MLI V.SVMAX.SVMI.SVMAXI.IFEED)

Xl - 20.00

DO 20 I 1.200

IF(SVM(I).OT.X1)GOTO 250

SMIN N SVM(I)

X2 N WII)

XI - $MIN

230 CONTINUE
WRITE(G. 40)SMIN.x2

,40 FORMAT(/SX.1Nam ION S.V. OF RON .EIZ.S. M.' /5)1

1 FRED. OF MIN. S.v. a ,E12.S, WN',/SK,
2 UNUN ENTER "11* TO OPTIMIZE THE S.V. -NN-'./sx.
3 'm ENTER "2" TO EXIT KVECT. NN./)

READ. (• OSO) ILDO

IF(ILOG.EQ.2 1GOTO 133
* CNNNN

t I 

*NNMNNN NNM

t t 

NNN 

t l 

NNNNNNNUNNNN

m

N*NNN

m ff f m~ NNNNNNNNNNNNNNNNNUNNNNNNN

C

c SET UP OPTIMIZER CALL FOR MINIMIZING MULTI-VARIABLE

C KALMAN INEQUALITY FOR R - IDENTITY. ONLY BUILD ONE

C DESIGN VARIABLE VECTOR AND UPPER/LOWER SOUND VECTOR

C PER COMPLEX EIOENVALUE: PRESENTLY ONLY REAL CASES ARE HANDLED

C

CALL. FRTCMS('CLRSCRN ']

HRITE(O.24S)

24S FORMAT(/SX.*w.NN ENTER NO. OF ITERATIONS DESIRED FOR ADS .NNN ...

READ(a. 1002 INITER

CALL FRTCM('C.RSCRN '

WRITEA(.246)

246 PORMAT(/Sx.,*NNN ENTER MIN. S.V. TOLERANCE FOR ADS NNNN*,l)

READ( U. 1020 )SVTOL

CALL FRTCS(S'CLRSCRN 'I

INFO * 0

ISTRAT N I

NOPT . 1

IONED 2
* NCO"N.NI

IGRAD N 0

IPRINT N 2200
NOT . 0

NNA . 10
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MCOLA - I0

IV * I - pit

C SPECIFY E3OENSTRUCTURE
C NORMALIZE EIGENVRCTOR 04ATtIX FIRST

CALL. NORM(V.N13

00 "so I I l.Mi
WRITE(.253

255 FORmAT//5X.' :""NTER NO. OF ELEMENTS OF EIGENVECTOR *1.

P ./5K .. WH4ICH ARE ARSITRARY. WU 1
ZS0 READC..10S0)IELEMII.)

CALL FRTCMSI'CLRSCON 'I

0O Z60 1I *NI

WRITEI6. 1001)IELEMf:3.
210 READI.. 100231100011J.L 3. -11eLENII I)

CALL FRTCNSC*CLRD:,RN '

C SET BOUNDS

WRITEC0.1003)

READI * 102032*

WRITE(G. 10043

READ(-.10203UC
CALL FRTC34S(CLRSCRN '

IFCUP.NE.D.E.OO3GOTO 300

IJR - O.IE-21

$00 IFIUC-NE.I.E.061GOTO 310

UC .ED

310 WhIM6EI.10103

WRITE(6.1011 3
REA0I-. 1020 3EPSR

WRITECO. 10121
READI " *1020 3EPSC

* ~CALL FRTC34SI CLASCRN 3
C wRITE(6.31$3UR.UC.EPSR.EPSC

C19 FORMAT/SX. .3 .Ej,-.S./SX..'UC *.Ej2.S,/SX..1p3J. E1p S
C I /Ox. !PSC - !25

0O 3'.0 it I .NI
DO00 SO J* 1.NI

0O 320 KI( lI-ELEM(113
tFIJJ.EO.IROW(KK.II3IGOTO 3-.5

320 CONTINUE
A DOTO 340

325 VUB(J3 - UR

VUO(J.13 tiUc

VLB(J) - -UR

VLSIJ-1) -UC

A.340 x DRE!ALIvLjj.izi3

V . DIMAV(JJ.11))
VUS(J) - SNOLCX3 - EPSR

VUBIJ.33 - SNGL(y) - EPSC
VL3CJ) - SNOL(X3 - EPSR
VLB(J.1) - SNOLCy) - EPSC

£30 CONTINUE
C DEFINE CONSTRAINTS AS LINEAR INEOUALITV

DO 33S I - I.NCON
535 100511 . 2
c SET BOUNDS ON CONSTRAINTS

hRITEIA.10613

READ(". 1020 3EI
CALL FRTCMS(ICLRSCRN '

C FILL - UP DESIGN VARIABLE VECTOR
331 JJ -

A DO 3'5 It - I.NI

00 345 3CM - I.N1

X DREA3..VIKK3.1)
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XBJCJJ) m SNOL(X)

X3.J(JJ.1) . SNGLCY)

IFCINFO.ME.0)G0TO 349

WmITEC6.34SI

$43 FORMATI/SX.1-son ENTERING ADS WITH THE FOLLOWING *" 1
00 346 1I. I.NDV
WAITECA.3471VL31I ).XBJCI I.VU3111I

347 PF0RAACIX.S(ff12.S43X)

346 CONTINUE

C CPTIMIZE

:49 CALL AS(INFO.LSTRAT.IOPT.1ONE.IPRINT.IGRA.NDV.NCON.XBJ.

I VLS.VU3.C034.GC.ZOOI.NOGT.ICI.DF.RA.NAA.NCOLA.W.S3000IWK.1001l

C EVALUATE OBJECTIVE FUNCTION AND CONSTRAINTS

ITIER - ITER - I

.14 - I

ICONJ - 0

DO 3150 1 - I.NI

00 SSO .J - 1.NI

352 VIJ.1) - CMPLX(X$JCJJ).XBJ(JJ*I1)

150 Jj -JJ -

C NORMALIZE EIGE4VECTOR MATRIX

CAL.L NORNIV.NII

DO 351 I - I.NI

00 351 . l,1NI

351 VSAVEII.J) . VCI.J)

CALL LEOTICCVSAVE,.NL.1I.UNITVC.N. L0.O.&A.[ERI

CALL CMATML(EIOOM.UNITVC.NI.NINL.EVI)

CALL CMATNL(V.EVI.Nl.Nl.Ni.VEVII

00 355 I . I.NI

00 I55 J1 - I.NI

VDICI.jl - UNITYVCI.JI

UNtTYCII.J) - DCMPLX(UNITVCI.J;,..O

155 VMA(I.J) .-DCMPLX(A(IJI.O.D00 - vEvlCI.jI

CALL CMAT'LCUOTC.VMA.MI.Nl.NI.UTVCI

CALL CMATML(RZINVC.QJTVC.Ml.m1.N1.FC)

TITLE - EV'

*C CALL CNRITEIV.NI.NI.TITLf)

4C CALL CWRITE(V0I.Nl.MI.1ITLEI

00 360 .1 . I.MI

160 F(1.J) - DREAL(FC(I.JI)
CALL CNSTRN(NI .GC.X3J.E.EI .MOCON.A.O.UITC.EIDD.UNITV. IY.UNITVC.

I IFLTI

CALSVA(A.3.C.F.UNITY.Nl.MI.LI.M.SVM.SVMAX.SVMI.SVSAXII

X1 * :3.00
00 365 1 - I-00o

IF(SVM(l.G0.XIIOOTO Solt

SMIN *SVM(I

X1 . $M1N

365 CONTINUE

C03Ji . SMOLISNIN) - 1.0

CALL FRTCS(*CLRISCRN ')

WRITE(6.370)COjSMIN.X2.0C(I I.GC1,".0CII1.CC(6l
370 FORMAT(/5X. -** 034 * .E~5 ... ' './x

I ..... MIN S.v. a E15 AT FREQ .. 1S/K

.a. CONSTRAINT I - '.I(15./SX ...... CONSTRAINT 2

S.EI2.S./SX ...... CONSTRAINT S . .....5X CONSTRAINT 4

IPIFO.E0-0.0eA35CSOI .LY-TCGL(SVOL)I 1001 It

IFIITEA.0T.NITER 10010 91

366 0010 SAO

C WRITE RESULTS OF KVIECT FOR FURTHER USE IN RECONFIOURATION

C STUDIES.

113 00 400 1I .m1
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401 PORMAflIX. E1. S. /IX.4E12.SI)
400 COGNINLE

00 410 I . U.NI

410 NItE(9.40)(CEI0W4CI.J).Jo.1.N)

00 416 1 . I.MI1

415 huhTI9.4013(RZCI.J1.J.I.MII

00 420 1 * .NI

'20 ~tC.0fuCIa...1
00 450 I * lMI

*450 flITEC9.4011(PC(tJI.JeL.NtI

00 51S I * 1.MI

RETURN

C ....................................... S W . ... . ........

C SUVROUTtWE CNSTUN. COMPUTES LINEAR. INIQUILITY CONSTRAINTS

C FOR OPTIMIZING THlE 2-NORM CONDITION No.

C OP THE DES1IGN EIGEMVECTOR MATRIX AND/OR

4 C MINIMIZING TIE MLLTI-VARIADL KCALMAN

C INEQUALITY RELATION.

C

Co..... .......... set tepee. Wetete ...........U 0 .....eet ... ts..

SU1ROUTIIC CNSTRNINI.GX.E.EI.NOCON.A.5.U1TC.el2D.IMITV.

I 1V.QPdITvC. :PLT1

IMPOLCI REALeSIA-N.P-21

*EMPt"S L i'(1. 10.31I0.l01.LITY(I0.101.I(0,"(011

I fN10.101.NVIo1.WV2(I0l.21l

COMPLEX.S VX1ZOOI

R*ttA- OI201.AtlOCI.E.EI.C2

INTEGER NI..CCON.IV.IPLTCIOl.NOV.IMg0X

NOV * 2eNIPNI

SC j-eI

C 3O 1I I-1.OV-l.2

C JWiuI e CMpLN1N1I3.41:.11

C .je-jtI

C lP(Nl.EQ.:)gcTO .0

C 1INI.EO.3 10010 20

C IP(NI.EO.4)OOTO 30

C IP1NI.EO.IIOOTO 1000

C IPINI.EO.7I0OTO 1000

C IPcN1.E0.S10oTO 1000
.......................................................................................

C

.. .. . ..............................................

cc 3(1I * ZA&SSVX~l)-VIU3l W Xl2IeVXI6lI -f

aC 0010 :ooo

CO GfII e CA351Vt111'VXI'I VU121.VXIII VX11ltVXi01l. EI

C 0(.) .*CA3SIVXI.)Vtl] .Vtl)VXI9l Ivvx~-

C 0111 * CA351VK14).VX(7I VXSI.VXt) * (-Vl1 VI*2f C

C 0010 1000

CO 0111.- C AISfVNIIjtVUIII * 4t21eVX141 *YXlI..VX(7i * vxI4l-Vt1S
C I I -I

*C 0131 CASVXCI).VU.Il -Vdl:IevXlI6l *VVIIVUII

C I V314l-VIC111 I - I

C 0113 CAWSIVWI Iltvxr *I V161SNCk 41*vtc Ileyt II

C I Vtl4''VSG4'I1 - I

C M)1 C*SS(vtlieVtltIl -Vp't(y1OI .1 V19,1?Vtuls)

*C I VxIO*Vtf1411 - f

*C of&)eCAW(1Iq.VSIIII - vxltr4Ivl4I *VwC~litVNiII

C I vflSjeVeI(ftI - If

.....................................................................................

C
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c AU.S4MA8E SUVAcl CoNSTRAINTS

C

1000 LI.L I

DO 11 I - 1.NI

21 4 1101)(1)

00 32 J * l.Nl

32 WM1(J.lC) D CMPLXCA(J.K)..l0) - 21-UNITYCJ.()

CALL. CMATMt.(UITC.WM.011.M.NI.N

INDEX - I mI -

00 Z'S L * K. :NOEX-1
WVI(JJ) CMPLX(X)LL).XCLL.1))

Is CONTINUE

ICE INDEX - I

CAL.L CMAT~t.(R.WV1.IY.NI.1.WV2)3

00 36 It - 1.IY

36 YI * VI * C0ABSCWV2(I1))

Ott) - SOtCYI) - E

*31 CONTINUE

- .~ I!TUUN

END

C ............ 0 ............................. ..........

ft C

S UBROUTINE CCNThL, DETERMINES CONTROLLABILITY OF COM4PLEX

C 0-LOOP EIOENVALUES

C

* SUBRUTINE CCNTRLIA.3.1p4ITVC.Nl.M1.ICTR.EIO0.I1

IMPLICIT REALG)A-.4.P-Z)

REAL.SSIIA.. O6(0 l

COMPLEX016 1D411VC)10. I0).WMCCIIOl .hAMC(1010).If4CS10.10).

INTEGER N1.mI.tCTR(I01.1j

I £ 110(11)
00 10 .1 . I'mI

10 WMCII.J.J) . ZIPIAITVCIJ.J)

00 10 1 . I.NI

WMC(j.C) . WMC11J.IC) - DCMPL)(J.IC).G.O)

2f. W~r3(t.I . UNITVC(j.I)

C CALCLA.ATE SLAM004A It)

00 10 .. I-il

00 30 KC* N

DO040 J . IN)l

00 40 K - ."

f 40a MMCl)J.IC*N) * DCPLX(§)j.ICI.0.0Ol

C CALCUL.ATE a AM OF SLANOIPA

CAL,. CSVO)MP4CS. 10.10.NI.II .0.NI t.1I...VI

)IStNI).LE0.0)I0O SO

ENO

c SIAj00UIP CHRTE WftESf OUT A COMPLEX MATRIX FOR

c A * )PU' COMePL. NA'R IA

c 10&.AOWS (W A - .C.C.O.UPP OF A

% %I me ..0-* . ** f ... * / * ** I * **f



C SUUROUTINE COSITECA.IRA. ICA.TITLEI

C IMPLICIT REAL.UCA-N.P-Z)

C C@WtfLEX16 A010.10)

C INTEGE IRA. ICA

C O4MRACTE114O0 TITLE

C hdITE(A.S)

C bMITECA.6)TITLE

C PORMATI/.IA4I

C 00 10 j 1 .101A
C WRITE(6.ZOICAJ.(I. * .ICAI

CO FORMAT(SCEU.1.lXI)

CO CONTINUE

c -RITE(fi.S)

C #ETURN

C END
C .. ..........su~tSS0S9u~w.MS***S~S* .N....~

C

4hC SUBROUTINE COND. FINDS 2 -NORM CONDITION NUMBER OF
)kC A SQUARE COMPL.EX MATRIX

4. C

SUBROUTINE CONO(Z.N1.XCON0)

IMPLICIT REALWS(A-N.P-ZI

COMPLEX"16 2110. i3).UZ(10. 101.VZ(1O. 101.IJNITVC(10. IOI.ZSAVE(10. 10)

REAL-S8 10.CIOWIO

INTEGER NI

C INITIALIZE MATRICES

00 5 1 x 1.10

1(1'0.00
*3.00

WACI) O .00

005 5 j 1.10

21 * (0.00.0.001

JZ(I.JI - 21

UNtITY(C(1..l - -

.SAVE(I. 41 - Z,

UIVI.JI : 1

S CONTINUE

DO 10 1I 1.N1

UMITYCII,II - OCMPLX(1.00.0.00l

Do 10 j - 1.N1

ZSAVS(I.J) . Z(1.J1

.5t1 CONTINUE

* CALL CSVDIZSAVIE,10.10.NI,N1.O.NZ.NISI.UZ.vZ1

XCONO - S1111/SI'N1)

* RETURN4

END

C .... 0U***%WN*4..... .... WWWW. ...... W .SWWSWWS*N

C

C SUBROUTINE MORN: NORMALIZES THE COLUMNS OP A COMPLEX MATRIX

C SUCH THAT 11X tit * 1.0

C

C.u...w .... w..*uwn*.. 0...a*. Room~.*....wwas.u*a

SUBROUTINE NORMIA. IN)
IMPLICIT REAL"SCA-N.P-ZI

COMPLEX-16 A(IO.10)

INTEGER IN

00 10 .5 a 1.IN

X * 0.00

00 20 1 N,.1*4

*to X * X * OREAtCACI.J))N*2 *DIMqAO(A(I.4)).*2

* 00O 10 1 * 1.1*4

1 0 a(I.J) . AII.4IoSoQR1CX)

RETURNM

Eisa
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C
C SIUMOUTIME RESUA.Ts WRITES EIGEWS RESULTS ON FILE 0f

SUBROTINE~ RESULT(A.3.C.F.FO)EL.3EL.4ZS.L.141.NI)

IPLICIT REALWSA-1.P-Z)

REN...S A1.0.(0l)C1.0,(00,DL1.0.OL 0

* cO.LEX.14 Z410.10).Z5(101.FC(10.L0)

INTEGER LI.141,'4

IA ITEIU.900 ILl .14.N1

D0 10 1I 1.141

00 ZO I *~N

00 30 1. 1.LI

s0 IRITCS.1000)(C(I.JI.J.I.Nl)

00 40 1 - 1.141

40 WfttTE(S.1OOOICPCI.JI..J.0.L13

DO 50 1 - 1.141

so IIITEIS.1100)(24(I..jI.J.1.NlI

00 40 1 - 1.141

60 lITE(.OOOIZS(II

00 61 1 - 1.41

41 WR1TEIS.1o0)(FDEL(I.j.J'1.Nl)

D0 6" 1 - 1.N1

* 62 WRITEI0.1000)(80CL1,..1.J-.1.141

9 00 FORMATCI12)

1000 FORMAT(lX.6EIZ.5)

1100 FORMATI1X.6E12.S./1X.6E12.SI

RETURN4

END

C SUBROUTINE RANKO. ANALY7S REQUIRED STRUCTURE OF RANK( DEFICIENT

*C MATRICES

C
.NCWW.*C...CMC.CCWW.......... ....... 0.dWW0 ..............

SUBROUTINE RAN4K0(IS.UT.S.N.14.UOTC.UITC.RZINVC.IRAW .8011

IMPLICIT REM..N8(A-",P-Z)

I UC00.10).UT(IO.10).VT(IO.10).St(I0I.~iK(SO).SMI(10. 101,NAREAC200)

2. 301110. 101.CGtI 1001. 3514110. 00)

COMPLEX016 RZIVCC0O. 101.UOTC(10. 10)hUITCIO.10I

INTEGER N.M. IRANK

IRA M 1

00 1 1 1.10

00 1 .1 1.10
301(1,.03 - 0.00

Az(I..J3 - 0.00

RZIMVI.43 - 0.00

UOTCCI.J) - (0.00.0.D0)

U1TC(I.J) - (0.00.0.00)

RZINVCCI.J) - (0.00.0.00)

U(I.J) - 0.00

I YTCI.J) - 0.00

00 2 1 - 1.10

2 WKII) - 0.00

00 3 1 - 1.14

IF(SIII.0t.0.00)OOT0 3

IRA)W* -

GOTO 4

3 CONTINUE

4 00 30 1 I'm

* 00 30 j I'm

SM(I.J3 - 0.00

so U(I.J3 . UTCJ.I)

00 40 1 - 1.14

00 40 .0 - 1. IRANK
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4@ UO1CIJ.I) - GOMLXUIJ).0.D0)

00 50 1 a I'N

00 50 J1 - IRAlM * 1.N
so5 U1TC(J-ZRAbE.I1 - OOMLX(UI4).0.00)

C 00 OI1.N.

00 60 1 - t.IRAM(

DO 40 j.1 * .1

40 VTCI.J1 .,o30J4.I)
C MRITEC4.00a

COOG PCRMAT(i5X. *U MATRIX' ./)

C 00 1020 I - 1.N

COZO IRITEC4.100011U(I.J1.J.1.NI
COSB FORMATCIX.6(E12.S.IxI)

C WRITEt4.1OG0)

C0AG FORMAT(/5X.'S MATRIX*./)

C 0 DO 105 1 I'N

CCIII )RR1E(6.10501 S(11

C NRITECA.1040)

C060 PCRMAT(/5X.'V MATRIX',/)

C 00 1070 1 - 1.14

C*la WRRTE(6.10101(331R..J1.4.I.MI

00 70 I * 1.IRANK

70 51(1.1) - SMI

CALL VMULPP(SN.VTIRANKMM1.0..0IR

C WRITEI6.ZOOR)

( COCO FCRMAI;SX.'RZ MATRIX',/1)

C DO02010 1 - 1.IRAN(

Colo RITEIO,10301(RZ(I..J).4.1.N)

C TO. * 0.00

C CALL LGIIV(RZ.10.IRAI(.M4.tCL.RZINv.10.51.iK.RERI

C &RITE16.3000)
COOO FORMATI/SE ...... SIGMA MATRIX PRIOR TO INVERSION S.../

C bRITE4.00 1 (5 (I. J..1. [RANK),1-.1.RIRANKI

4C CALL LINV2FCSM. IRANK. 10. SRI. 0.NAREA. IERI

DO 5001 I * 1.13MMK

1001 5141(1.1) * 1.00/SM(I.11

C SRITEI.40001

tUGO FORMATI/5X.1 '. SIGMA MATRIX INVERTED .w'..

C IRITE(6.S30Z0) (5(S[(I1.4I.J1 - IRAlOC). tat. IRANK)
Cola FORMATCRX.S(E1Z.S.1X))

CALL V)IILFP(3S.S)41M.IRAIC.tRAW IOI.RZIMV.Io.IERI

00390 J.) I.IRAI(

so RZINVCCR.J1 * DC1PLX(PZINV(R.J).0.DOI

CALL V1ULPIS.SMI.M.IRAMC.IRANK.10,10.ISM.10.IER)

CALL. VNL.F(351.T.M.IRAM.N.10.10.BGR1O1.1E!RI

RETURN

END

Capu.. M 0 .................u..W ....u.... 0SuS ...........uSWS~~uSSWuS........

C

C SUBROUTINE FEEDEF: CALCULATES FEEDBACK GAINS FOR RANKC DEFICIENT

C 3 AND/OR C MATRICES VIA PLETCHER. ET.AL.

C I9nS

SUBROUTINE FEEDEFIA.I.C.V.VDI.EIGDM.S0I.U1TC.COI.N.M.L.IY.IFEEDFC

IMPLICIT REALuSCA-NP-2)
REAL-S A(I0.1R1.3 10. 101.CC 10. 101.3G110. 101.CWIi(1. 0).

I CORIIO, 10).CSOS(10) .TOTSSR 101.3)101 'CICCO)I.WIZOO 1.

2 CT(IO. 101.CTN(10, 10).CTUTCIO. 101.SCTC1O).CTG1CIO. 101.NK 1(200).

$ NAIIO).C084.C034R.CC3JLWEIGHt.NEIGRMK20I
COMPLEX-16 ACl 10.10) .IC(10. 10).CC(I .10L.V110.101.FC(10. 101.

I 00(I0. 101.50(10. 10I.DONI 1.101 ,TRTCRO. l0).TOTAIIO. 101.0OTII1).

2 UOCIO.10).ACSCIO. 10).SOO(10.110 0.10).3~CICC1O. 10).CICIIO. 101.
3 CS~tCUO).TOTS(10. 101.CSUCIO. 10I.CSV( 10.101 .TOTIUCR0. 10).

4 TOTUV(10.101.CSOSC(I0.101 TOTISC(I .10).CSUTIIO. 101.TOT3UT(10.10)

S.CSVCIIO.10).CSOURO0.10.TT35110. 10).TOTSIIIO.101.hIMICI.10I.

4 M42(I0.101.I"S)I0.10).W4(10.I0.W5(1O.10).wq4)10.10).WM7(10.10
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9 rO(Ia. 1O2.V01CIO10.BCMP(IO.10).CCMP(I0.10).CCSS(I0.10)

C0PLffXUI6 CSOMP(O.1),M1SC20.l02.TTBSC10.102.TOTIP(1O.10).

1 W416(10. 1031. 141(I0.10 IO.241C 10. 10 3.IIoO( 10. 1031.W42 1(10.10).-

2 b122(10.10).UITCC1O. 10).CTITC(I0.10).CTOTC(10. 1O).ZINCTC(IO. 202.

3 AML(.C110).ATMLCIO102.RNCIO. 10.102 .LN4(10. 10.102.T110.101.

4 Vbi(IO.10) .2442510.10).WMO'(10.102.WVRI 102.WVL(102.ES(10. 102.

S O 10. 10).N4IO~1.10).RO3.J(10).LOUJCIO).UNITYCIO.10).

6 UOTC1O. 10).VOIIO. l0).FCT(10. 102.FCS(10. 10.BcpcI1O. 102.

S CFCCC1O.102 .CLMCIO. 10 2.EVALU( 101.EVECiI10. 102.I 10.10).

8 VE(1O.10).VEV(l0.10).V4ACIO. 102 .SV(10. 102.FCG(10. 10).UIC(10. 10)

REAL-4 08J.X(S0).VLS)IVU815).RA(ZO0.40).G) .OF(0),.1I(40002

INTEGER N.M.L.IFEE0.)Q.IN.IRANCT.;Y.IWKI1000).INFO.:OG(1).IC(I02

.iRITE(4. 103

10 FORMAT(/5X ... PRESENTLY IN FEEDEP. SINCE RANK(C) N. ENTER....

P ./Sx. .. DESIRED DIMENSION OF Rt.N. EIGENVECTOR SET PORNw...

.1K.*SPLIT EIGENSTRUCTURE COM4PUTAT ION. ..

READC-.16 22

is FORMATIII)

CAL.L FRTCMSC'CLRSCRN ~
IN - N - 20

C INIT MATRICES

D0 11 1 * 1.10

CSOs(12 - 0.00

TOTBS11) O .D0

SCTII) *0.00

WVRIII ( 0.00.0.003
WVL(I2 ( 0.00,0.00)

L08.J(I) 0.00
D0 11 .1 1.10
2 - I0.D0.0.002

AC(I.J2 . Z

CCII.J2 - Z

CTCI.J) * 0.00

C
T
W(I.Jl * 0.00

CTUTI.J2 - 0.00

TCI.J) Z

P VbiII.J2 Z

WMGI.Jl Z

NMRCI.J2 Z

'I NMLII.J) Z

A 0011.J) Z

S0(1.4) Z

TOTAC2.J) .Z

DCT(I.J) - Z

UO(I.J) Z

ACS(I..J2 - Z

SOOII.J2 Z

* 3V011.J2 2

32C12.J2 Z

UOTCI.42 2
VOCI.J) Z

CIC(I2J) Z

* TOTI(2.42 Z2

* CSU(1.Jl * 2

CSVII.42 * 2

TOTU2I.J) .2

TOTBVCI,.J2 -2

* ~cSOsc(2.Jl .2
TOTUSCIZ..j) 2
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C3UT(I.J) z
* TOTBUTCI.J) Z

OSVCCI.J) * 2

W4ITYCCI.J) * C.00.o.00i
11 CONTINUE
C BUILD CONSTANTS

WgE" * 1.00
welIOK4. * .

INITYCCI.I) x (1.Do1.30o

00 12 1- I I.N* I TI..) 110 v(Jc.I)

A CC!.... * CPXA.)..0

is1 BCCI..fl - OCMPLKBU(..0.3cl

30 14 1 * I L
00 14 1 - I.N
CNCI.,j) * (-

14 CCCI..)) * DCMPLXCC(I.J.0.30)

C CNECK IF LEFT CIGENVECTORS MRE MEMBERS OF N(C1".f.(A-LAN.In)
C FIND SVD OF C'aT

00 210 1 * L

200 CfJ.Ij . cCI..))

CALL LSVOF:CTW.10.M.L.CTUT. )I.N.SCT..1x1.CER)
CALL RANCOCCTW.CTUr-CTNL.CTTC.CTTC.:.CC.QANC.C*..!

N C BUILD NULL SPACE OPERATORS 90R g AND0 Cuw?
C

DO0210 1 * LW

00 205 1 a LW

AP6L.(C * ACZJ.'(C - EIO0MCI.IC.]J*IIVC(..(]
01 AIMLCJ.KI * C..- -~0M)~ .JCV%(

CALL CMATM.LJTC.anL.:y.N,.q:5),.

CALL CMrLCICAM. tRNIN.~m6

00 :04 "0 * li

UICCKK.J)C U1'C~jja.KKi
206 RN(I-..jj Kj Wj*X

00 '.a? * . IRANCT

00 Z0? <K *I

%a20 LNCI.....K1J *M6-.K

%2:0 CC*4
T
:NUE

C "ND4 3B..EC:VE v-,4C-:aN

C

2nO COS~j * .30

*oj 2.00

COBJL * 000

ICONJO . o

9%D :0 23 1 * L.W

-09 WVOCKI *VK)

22* -... :6 % N K .

00 ZZ K *

4-W* I 5



.4 22 WMtC4J.KC) - LNCZ.JJ.KKI

* CALL O4ATM(Ifl.hiVt.IY.S.It014

-CL ca. Ar~tM WVL.F6-IRANCT.W.1.LoBtn

300 COUJA . C034R * CCA3StftCSJ(4Jfl

00 301 44 * I.N- IRANCT

S01 C9aL - COBtaL * CDASWu33.fJJ,)
OTOo ::O

:14 ICOfiUG . 0

:21 CnNt:%AE

Ccc., -E:GmRc'ccaJR * "E!O3-C28JL

-4 '38. .: 301 "

233 Q"AT. $A. -s' ,B-'AC5 'A!S2' -E7 EQF')MEC.

* *'.. 5 S-rCE MEz::IAL * .t;:.S. * ...

*- SK- 99 -. Ef %33 0C CESDA -t*j"r0 ......

Sx.*. !N E* :9 7USjSPACC *Ez:DuAt. IM.

-WE .- 'r. :::*t r3 J:Z( 'OEVIDUSL ...

b IS . y'I:wI:o 3? ANDQ -F' EIGEVE'YC SE-. ......

'AL.9 35

; S:-. :.:"c'PC

a:.!*V .. K

*. *t.a...c . ...W ....b .. SX EGN"CXO



00 240 KE * 1.

IF) DONJ0.EO. 110070 242
00 240 LI. * 1.N

RX . OBEAL CVCLL.KK)

CX * OIMAOCV(LL.l0C))
V - DINAOIEZIDN(KK.KK))

IFCY.E0.0.D0)00T0 200

281t IP(LL.NE.NI0OTO 280

'62 NOV .NHIM- 2-N

230 X(J.J) * SNOLIRMI

X(44*l) . SNOL(CX)

VU8(44) * K(441 BR8

dLS(Jj( X(J4) -SP

IFCCX.NE.0.O0)00T0 286

VUB(44.'I * 0.0
VL3(44J11 0.0

294 VU3(44-11 * X((44.1 - at

* VLa(4j*11 X(.J4.t) atI

285 10(441 * 0

1C144*1) *0

DF(441 .

DF(jJ.1) 50.

0070 2.66

2 42 ICONJO -O

0070 240

*265 44s44J -2

..0 CONTINUE
241 CALL AOS(TOPC.(STRA1%IOPT.ZONED.IPRmNT.I0RA0.NDV.Ncy3NX-VLB.VU.

I 034.0.(DO.N07.(C.DFRA.NRA.NcOLA.iK:.4000.:Wc.L000)

C EVALUATE OBJECTIVE FUNCTION

44 N, I
ICONJO - 0

DO 245 KK * 1.N
U IF(100N40.EO.1(0070 261

DO 245 LL. - 1.N

IF(OIN&0OtV"tI KK.KK)).E0.0.DOflOTa 246

*270 IPILL.NE.N)00T0 2446

* 271 ICONJO * 1

26 V(LL.KKI s CPPLX(X(44.X(44.111

VN(LL.KKI S V(LL1C1C

0070 248

243 00 244 LLL * I'M

V(LLL.KKI - DCON4O(V(LLL.KK-11)
44 VN(LLL.1K1I - VCLLLKK)

ICONJO - 0

0070 246S

B 48 JJ -44 -2

2 6S CONTINUE

CALL LEOTICIVW.N.10.UNITVC.N.10.0.NA.IER)

DO 247 (1K - 1.N

00 247 LL - 1.N

.47 T(LL.KKI . UNITVCIKk.LL)

DO 260 KK( - 1*N
DO 260O LL - 1.N

210 W4ITYCCKK.LL) - (0.00.0.00)

.62' LBITYC(KK.(1K) . (1.00.0.001
* EF(INFO.EO.0I00T0 16

0070 208
C BUILD SO AND 707.00 AND DON

24 I
t
rE(6.261)COS4R.COB4L

B S) PtA?(,5K. '.s.s.Al' SUISPACE RESIDUAL *'.112.6.' * m-w' /6K.

1 4fl* LT' SUBSPACE RESIDUAL * '.12..' WSW'./6K.

* "SwENTER "I" TO RETURN TO ADS. ELSE ...... /5(1.
1...." ENTER "2". *'./

CALL PBTCMSI*CLftSCRN 'I

177



t MSA wt*T

DoI ..

6,lI Do . Dr. . .r, : . 1

. ~ 3 *'ak DO I

a0t 1 1- -

Sl All 4 . .14, aD s ' - .
CAL

*~0 SS1.- *e* -

* ~ ~ ~ ~ D S .4. W1:0 - . .. a -

a6 4OMT . ... Iv .
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~-w-w~w-w~w- - w-.-~

~I*W a I' mQ~. *at -. 'B
* *'~. .. a I I a

... q a to
'-U *~. a

_ 99. ~I& -. a . a.* *~USO' a * a 9

a' I.-.
* *~ 6- '. - '~ 06 .6 - PS

a ''S .. - U.

* * 6~.

* . .-.. a *.-.

* .,-~ - -

* a. 9 S - .5.9

* a -.. 9, * 9-- * *. -

-a- * *

* ~. .4 '. -

* *.. , .9.9
a -. . -. a. a - -

* . *4P -U..S"9 .. ..

.4 ' 4. 6. - . -.

* *.~. . . U

5 * 99

.3..
a 9 a *St. - - .

au a 9.

.* ~ . * 239: -

* ''3~*' * I a P 9

a'- ~*'a9. -~ .,

a.. t'9. 6 * <Oar'
a. .C . -. Sc

~r. .0 * '3

.*sue'- *

0.~ .~

90 (N

9, :S.aa

* ' 061 V 3 00 '0c~0 .9

IS.... * -
* oco .:

II C~4'?auuE

a: ~,, 7'~ *

a . ,C0Q I

70 C~0~Cr~.:r * OCPLA'UV.0.DOI

0070 * 1:1.9.?

XV *
70 ?3$'~.fl *

- 00 79 1 * Ia.
- 00 74 .i a

74 CSu'T.jI~ * CSUI.JI

00 77 1 * 1.10

4
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7? ?TIJY(J.1) * S3UIJ

CALL CAnnq cclv.*cUSnc.1go * aNCcc. 18*CCSVCI

CALL CNAflL(CSVC.CSJT-llOIADC.L.CSOI)
CALL OIATMltTOTUV.70735C.Mo. IRA?. 1RAiC?.?OTUSSI

CALL CNATL?0?3SS.tQtBuT.M. IR*ICT.10.T0T31)

C MORE PENROSE TEST iR eso: £AN0 TOMB

CALL CS4A~tM(1d47.CSOZ.L1O.L.CCS3R

CALL CI4ATPLCCCZI.-417.L.L. IQ.CSO$PI

00 91L I-L

00 'I. j * p

- a:E(~j ..* rm(~j

CALLCnftwzr03.wMI.Sc

CALL ZCAMLrqrWt.aj3.M14.-N.dtQf pe

C CALLA 41IT53 W..V.4M-QW

CI*OM~iAL *... ?0T3 ste'.0-.OLW

:ALL CF4AtqL(WMorr=M....d4@

CALL CtNATLaWK2.0ot4.Q...d443pI

CALL CM4ATMLWM.CCCI....M.aII

CALL CN4AT't(WZ@.VO.M.Nt-l. 1l.lI

*CALL CM&AfPltwb44.CZOI.M.0L.43I

CALL CNlATLUd4?.C:C.M.LL.aII

P1FIND PIS

CALL CMATtI9C.0T31.f.M.NQ.10.C4

CALL CMATfL[W(.t.,.fo-pq-aMf)

CALL CMATML' 2.VOT.M..IQad141

14' CALL CMAT.(hM.L.0o.4. 1.sMl0l

CALL CNAMftSI0.CCC.M.L.L.4414I)

C PFIN0 PIS

CALL CMATt1WC'0.v0.14.t10-.M-MI1

A CALL CMATL(WM2.COT.M.1g.L.WMI3j

CALL CMATML(1M7.CCM.LL.~eIQ-"

* CALL CMATLtCIMSOTM10,L-We40)
CALL CI4ATML(I.CCC.M.LL.W4111

C FIND PSI

* ~~CALL CMqATt(V.E1ISI4I.N.L,.kaMI

CALL CMATML(VE415N,CC.VL..E5)

0080 . *180
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00 SSlI * .
156 VNA(t.ji . WVC1.41 - ACCI.

CALL. OEAT)LIUICVMA.IV.N.wn.O

156 PORNA?1,5sx.'tee. go .u..

CALL CMAfMLtC.vnA.M.m.N.av1

CALL CI4ATW..CV.CC.M.k.L.PCOI
c DE3UG WRITE B:OrN PC$ AND PC?

SIG PORnusugn. .. RIGHT FEEDBACK GAINS ..u... j)

P1 ORMAT(,fl... uFe G gyEDACK GAINS uU./

SR IT! Cl.31:)

31.: PORKAT(/'g., .... SEEC R10GH? Olt LIPT GAINS *... SX.
Iee ENTER 'I" FOR RIGHT GAINS *u'/3

2'* ENTER ","FO LIP! GAINS un
* 3 cueENTEt "3' POR GAy GAINS f~

REA(..3 1 JIG

IP(IG.aQ. 1 IQOT0 c

DO M1 I * in
00 310 , .*

313 PC(IJ).l(.j1

0010 1000

3:0 00 31' 1 * 0

00 3144J - 1.L
316 PCII.4I * PCS(I.ai

~4 30TO 1000

3:5S 00 321 1 * '

00 S24 .1

326 FC(I-a1 * CO(I..n
C PFIND EIGENSRUCTURE

10CALCIIATML(C PC.*N *M-. &CPC I

10 CALCALL CMATMtCBCF'C.CC.N.L.N.BSCFCC1

DO 600 1 * I.N

600 O.M4(1..j) . AC(I.jj B CPCC(I.J)
CALL EIGCCCLN.N4. 0.1 .EIALU.EVECT. 10.1401K. ER)

* wR1TE(6.l1o,

110 PORMAT/5x.'ueee EIGENVALUES RESULTING PROM PEEDEF CALC eS./

WRITE)1fiGI)lEVALUJ 11.1.1 NI
620 PORmAT(1X.E1:s5.lXE1:.S

WRITE(C .* 30 1
130 PORMAT(/SX, utut. EIOENV!CTORS RESULTINGo PROM PEEDEP CALC ..... ./I

WIRITECI.291 ((IEVEC(I-J.j 1.4.1.1.1.11
RETURN

END
C~~euueeuuuuueueeueeu............... .......

* C
C SUBROUTINE ALGSLN . SOLVES POR BASE EIGENVECTrORS
C ALGEGRAICALLY
C
Cmu...u.u.....uue uee .... e..... * uu ....... ..... u...u.eu... uu.u....

SUBROUTINE ALSLN(A.B.C.EIGD.E.UNITY.N1.M1.LIVWMAI

IMPLICIT REALWSA-t.P-2,
REAL09 AdOIOI.B)-(IO0l.C110.101.UMITYI1.IQo,

1 AIKICBOI,.AWK: (Z501.ALSLAM(10. 101.ALINV(10. 10).
2 NVIlo.10).14311o.10,.

4 411 0 .lo.slo. 1 05 1 II111001w711o,.WRlo).
S I.4AT(Ct.0

1 qr.sc: 0 3 .WC3Q)
COMPLEX el016 11.do 0.v 01
INTEGER M

I.MI.LI.11!
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C CM.CUIAAO IL~API

00 l000 2 - I.MI

C KAIOS SLANONA

00 to IsJ 1.10

44.SI*N2.J *j OO0

C R1CMUY1 1LL4AM PON EACN IIEWWALA

O 10 K - (I"

U ~~A4SLA(J.i kA'E0I2rl-..A..Kl

so ZON?2INve

CS :Ok7 1Mui
*C CWI~j$Ef INVERSE OF AL2I.AM

III - I
CALL LIMV2PfALSLAM.Nl . 20ALIMV .1. -91

C WRITIN6.I00) III

C COMUTE C * MV4AL34kAMn

C ApZrt(4.001111

* :OmPJTE C * :NV.ALSL.AW -

C wate't.i00)I2

c :wMuw :WV C. INVIAI.CLM, 91I

C DETERMINE IFP SEUDO ;MVRSE 13 REQUIRED

C CALL *2t(hilLI.31 V41

CALL LIPW.I.. l..0w.1.~( 1

GOTO so

?0 CA.L L2N~~d.1I.O..V~

so It: 2 *

C VO2'Efli-1001222

C COMUTE I * NV<C* INV<ALS*..AN> - 1>

CALLVNAP(...IM l 10,11-11.10.2Ito)
III*22 1

C VO2?IEC6.2002112

C COMPUTE ALINV * 4*INv<CIMALSLoM"*S

CALL VILPAIVlSN N".2.1.I I 1

C VO2E714.100I2II

COO FPOMA4T1,SK. OF No.*.[I.. DONE IN0 ALOS2..N
C COMPUE Wo 4E ANDTME W ATRIX

41 O 0 401 1.1.

W0(J.1 DRIAL(E(J.t)(

40 CONTINUE

CALL VI4LLPP(NOLO?.Nl.141* .0. 0.. 0. ZER)

CALL VO1LPPCIO4,N7.MI.Ll.lI.10.10.NI.21. 2132

V(J.12 - OCOWLX((JI.O.DO)

so CONTI'NUE

00 60 .1 - I.M1

WHAT(J.22 -109~J)

00 CONTINUE

1000 CONTINUE

RETUR~N

V END

* C

C SUBROUTINE PfNVt COM4PUTES TME PSEUDO INVERSE OF AN

C IRXIC REAL MATRIX. OUTPUT 13 THE

C ICXIR PSEUDO INVERSE (SEE GOLUB AND

C VAN LOAN. "MATRIX COMPUTATIONS".P. 139

C CAUTION,, IF WARNING FLAO RESULTS DUE TO ILL CONDITIONED A.*T *A

182
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C 14@MUTuIN vimft(.11S. IC.PtAl

C loftg3i' IC

C I al" flo- paSM .ID Lp ll 1 ' 10

C to IS

c C AL -:q. zO-! "SE ;#a

*:8 ..E.C AI A&

c on . I'.' 8

11 

-A-P'P ' ' 7 A& t8 C (

co 3t VOK, , . ... ET.0v[40 : .. .

c c &JS L*' WCUf $A .. .

C -sl 1'( .41' 'Ij. I:

C: 8*-h !. AS.L( V~~* -A*

*8C Re'A.
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APPENDIX D

RECONF

-1 a '0UCAW~, 1 -,

.0.: - 0.

*M *I Tit

I ~ EW.I h* * E~4W ' 7t2W UU 'A

- - - - - - --- - -- -- - - - - - - - - - - -- - - ~ - - - - - - - - - - - - - -

4 *A -4 *1105 2SSt *** '0 'CU'. Ws t

* ~ ~ ~ ::Cso '. &(%'I N *#~.(~i.

*DIMENSIO

**"9s . Uow4 MoA-.NUPI..N1g: S 4U CGI "0)Co(S.

'IENIO C' * *( P( ,- U:- :;SU

* S.. tlg 10 ,C (SS )UN TC S .S .D tSS )

'hi.2* TCt:S ,a** *u6ITCSDSIZ EIYUUC.S)A

COWLEX-16~~ vC TOSS)UICS.SICIVS.

CO *EM1 **.* SS -IC(SS ),UDSSS )FCS .

COMPLEX-161 ETLS )X I ( * 0' ,GI(S-S .C :(S .

COMPLEX-16 E EUOt4-SOW S:1E.SS.RQS.

CO*E- SNC4

INzuTGER K.Ia..uiA T.IVEC.IL-ILO.- T.o-:DI.CE
U UA4. AWC.I'5 00,TAT$I S)..2l AT SS)O E.FL.N NT

-MTM.U42AM00~0.; S0..1.LIOS.n~
DIUO'.1:4'24.3;L.0.0 NAMEu 0-S.0(

CE'I~a 2 0 *0-1.C0l~-10
CU- - - - - - - - - - N T A I E K T I E - - - - - - - - - - - - - -

C.qi3U'~( 0 I 00 'h 0 . 0.'0

* ~ ~ ~ ~ ~ ~ ~~~D tI~oN PSO0 *51(0- *C.6l.0)DPS00

OR~NI~u iM~gZj ;g( .MCSL N 184(
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OLNEI.j) *6.09

OLU.41 *04.(.0..o

090M1-il *0cpftm0.00.0.00,

N4XII.i *OCPLX(@.O*.0.Oo,

*OCPL10.0.0.00

2)>..i ..D

* XPLN.00.0Do,

Isti-)~ 0.00

COIC(I.. * m~ OCtf. 00, 0. 00
le lI> o D0o

00 A i . 11

- twLJ,-(I 00.0 001

30 . .a.

Is 3')..> * 0.01

00 .0

'30 :2 7 4

o c!I..> - 0.00

00 :1 1 1.11

:o air. 0..o

00 so

so w0 41-1> 0.00

-3 040:. - 1.10

* ~00 40 .. S
4 ~Ir.oa,:.> *0.00

.440 P(I.1.j 0.00

4. 0041 *sI 1-200

so DCWI XIO00.0.00

001 ss I1

001 I *

s1 XIJ) - OCMLXbO.,10.0.001

C ------ INITIAL.2E INTEGEMS --------------------

IMAMS . 0
IXAMCC . 0

C -------- HA N SYSTEM4 OATA FROM PILE 01 "RfECO.U- DATA -------
C

REA1. 100 )NAME

READ)I. 100 INAWE

44 READ(I .100INAME

MZRADII.jjOO (~j~jwaM3,11-0

READ))I. 100 )NAME
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100 FoRNAT(I1.A41

l0t FORMAT(4I23
110 FORMAT3AOC20.1S)

III FORMATIA6EI2.1)

* C
C-------- DECISION ov ----------------------

C

CALL FRTCMS('CLRSCRN

,so R,.30, NK .R!E .0AMArIEC E!-X4!;TQUC,QE.&

* . SYST. -ATRICES. lEAD -ECONF" OATA Al.,

isxl.* "UWIEG"-'JNOASC".8 "CLM.
" ./sK. EINTER "Zm TO READ UNAAGAED EIOeNSTRUCTLJRE AND.

" #1Kx. WRITE SLOW RY 3UBPACZ DATA FOR .35SE BY .X

* ERSDACE (WRITE "ERrPACE" 3AA All .. ,1K.
' ENTER "3" TO COMPUTE RECONF IUREDO AINS. .. m

* WRITE FPRECOW" DATA Al) ./sx.
' ENTER "4 TO COMPUTE RECMPO. EJOEMST*UCTURE . #1K.

*AND TIME RESPONSE (OP?MATO.OPTPLOT) ./SX.

* ENTER "S" TO CopwuTE Q AN.D wRITE FILE L. .11K..

* "PKACT- DATA.

*EAO3-. 111K
311 FORPAT(II3

160 WORMATI.SI

CAL.L PRTCI4S3CLRSCRM

IF3K.EQ.'3000O :72

IPKEa.,.0070 170

IFIK.EO.2)00TO 170

C -- STORE (AdD CL IN UNITY MATRIX ------------ -----

00 16S I A 3.11

D0 16S J - 1.11
1615 IAITY(I.J) * CLM(I.J)

CALL. EZO~trFCLM.11.11. 1.E.K. 100.WE. ER3

*C D0 IS6 I - 1.11
*C D0 315 .3 A 1.11

C AA AA(I,.J)

* C156 ASINO(1.J) * SMGLIAA3

C DO .1 I * 1.11

C DO 157 .1 - 1.10

C Be - s(I.J)

C117 30;IOIJ .1 SMONL(BB)

C Do .s8 I - 1.18

C DO 18 J1 - 1.11

*C CC - C31.J)
CIII CSING(I.J3 A SHOL, CC)I

* C WRITE(S. Ill IC AS1NO(t.J).J.1.113. 1.1.113

C WkITE(S.1ll )(DSNO(I.J.J.1.10.I.I .153

C WRITECU.111)((CS1NOCI.JI.J-.S .1 1.1.18)

hRITEII.110 3((UNZTY(t.J3.J-. .* ..1)
C WltITzC1* 1)1G11J.J1S)IX.1

OOTO 9000

170 READC2. 11033 3K33.J3.J-. .11.1.1.113

READCZ2.110l(E1 .1-..11

1P(K.EQ.3300T0 180

C

C DECOUPLE LATERAL DYNAMICS FROM STABS
C DECOUPLE LAT VECTORS FROM LONG EOMENTS

177 IIRITEIA.172)

o172 FOAMATC/SX,. K.. ENTER "I' TO MODIFY DESIRED EIOENSTRUCTURE O..

/SX.-NwmwELSE ENTER 110".m-m...

0/)

READ(..15S)3 MOD
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CALL f"tYHWIOLRSCIN I

IPCZP0O.3Q.0IG0TO 1S0

CALL. PlktcmgfI LRSG3N

c 00 171 I * 1.14
C IPII.aZ.41601'0 I?@

C IPII.09.9OO ITS

C GOYC Ile

CIS M :1.426, : OONLK:Q.O-o-001

C E(I."2 DCetPtO.0-0.10D

C X1I.411) O CLKt-(0.3O.0.DO)

C XI. O CH'WLE0.00.0.0l

073 CONTINUE

A CMPI.XO.ZLX0.D0:37 0

V1.31' CCL3C.COA.3. -0

ElI.4) DCPLEIO.D0.0.DOI

C ElI..$) D* DCMLEIO..00.0DO
4 CS *C-7 DC CPLA10 O.O.0.D1

Ella) *~ D DCLNC0 @.0.D.DO

C DESIRED DCPWLAIO.DO.0.0IF

ill -OfNk~t/SE . .... £.? W " " DISPLAY 3eSIRED EIOENSTRCTLME ... E.

; E *S ENTfER "0 OTHERWISE. .... '..

READ).. ISIIhA Ir9

CALL PRYCNS) 'CLRSCRNI

,PLISlITE.E0.30OD 95

WRIlica 200 I

200 -OtNATi.X. .... UNDAMAGED iDESIRED) EIGZNSTRUCI*RE Or '16 s.. ..

:I0 WPkuAru/.'bEIoEWvALUE 40. '.12-6.X.'VGfIENVALU1 NO. '.12.12X.

l1EIERVALUE 0. 1.121.I2x.'EGENVALUE NO. .2/XE..KE2S

2 - .OMA(X.E2.S.IX.EI.SK.112.S 1X.EIZ.S.ZX.El2.S.1X.EI:.5.2X

EIz.SIX.62.S./

210 CONTINUE

C
C-----COIPUTE1 K"DELSK"'.- I C WDAAGID/OESlIkED EIOENSTRUCTI*E) ----

C

255 DO 240 1 * 1.15
OELI.II * (16

* ~~D 240 1(114 * 1(1.

CALL CIA1'F(X.DEL.SSS5.SS.XDI

CALL LEOTICIKS.SS.15.W41TYC.SS.S5.O.NAI *IERI

CALL CMATILIXD.UN1TVC.SS.SS.SS.XDXI

C

C-- -------------COPUTE SVO OP 3 AND C (DAMAGED)I-------------------------

C

272 00 270 1 * 1.55
a US1(I.II * .00

002:704.1.10

270 35(1.41 * 3(1.41

5111(C4.27 1

271 FOPM4ATCS(. *ws CALLING LSVDF FOR 3I a . /...
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CALL ,~v (*.* SS Ss. 10. WT - S%-t .MSIt.

371 POeIW(ISN... LSWP OF '9 COMPLETE ...... I

20 PCRMAT(Si.* ... tArs - :

DO 2101 * .i

jC'(I.I) *1.00

302090 j 1.05

30 CS '... * .. '

:0: AY's caa'S. .... .1vOP w -C- w.Erf

CALL, iMS(OICS.JCt.SC..i.5S.AP2Tz.XITC.CItWV.laMdC CS!)
* 51730.231: K

* 33 3014*T(SX. -.-. OAIS(C'

.P(K.1g.5 '00T0 312

- ------- aIELow E , ESvucLuuE----------------------------------

C
BUILD SLOW (IOENSPACE

0 PAST I

(CHECK D* A Y14t 0
(tH9tA *DAiS (ECHECA.I

c FOR swElTRIC CASES S Z1 : .. so-oi. 20 STATES
t C-------SVWE TRIC CASS---------------------

C FOR SIEw 1 sIZ61 USE c .59D-01.> :t STATES

- POE0 SEOACH? 3 0.< 3.560-31

IP(ECHEA..T..5D-OI)00'0 "96

C IP:ECMIECA..!.S40-0I )O0 234

C I P(ECIECA..T..S9000-0U)G0TO .64

&C :FIECHECA.G -..S'D-0Il10070236

ISLON - hSLOS I
C----- ISTATE . VECTOR OF INDICES CORRESPONDING TO Sl.OW STATE----

ISTATECISLONI I

ESLS'UISLOW) EUI)
(511401ISLONI E(17

CALL SROO1'CE(I).1.SR..0125)

SI Z'I29 FOiMAT(IK. SLOW STATE 140. .22 M STATE 140. ' .12.' 3 * l5

t0 21 :s i 1.5

5~ YSLOSLj.1StOWj * xLI.!)

C ---4 -KASTT 00 VE0:3 R OF INDCtES CORESPONCINO TO PAST STATES ----

a ESTATE MAT .*

'A5 CONTINUE
IFCK.HE.IIOOTO 287

eRITE(8. 101 31532w

WRITEIS.I1IH)ESI.ICI .I*I.OSLOWdI

GOTO 9000

237 IRONS - 156.0W
v4 171 1 (9. 250 ItRONS.K (AST *IRAHIC. IRAM(C

256 PORMAT(4IZ)
WN!TE(9*III)EU 14I-..5

* WRtITEI9.ZS7ICISTATE( 11 .1-. IRONS)

WISITEC9.2571(iCSTATECI I.I.I.ICFAST)

237 POMATCOOI2I

IiRITECI. IIOICESLOWICI .I.1.IROwSI
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WIN I s*

". 13: .

Fl 0. J

i, o ' t CC JA -, ...

Si. .0 1 It 1 0

5~) .~ q ,1 * 000 .

31 10 : IL * .

3oro .)

+ . A .4

SO, * =*" +' . . 1. 'I1:..~t .,:,,,:

! 1 , . - • * -

, _ *CAD.. *, z AVO a 0 4." --------------

S C

300 900

S C

C -- - - -- - .-..- - - : c - -- -- - -- -- - -- -
C

.5C S +. 151N501X +.*g OP aE 5S :CIEO * .'a-o¢. ;-

.5 ~~~~~~~CAL, i~u1A-P>'%A.c. 10. ss.:.io:.o,JC,*..L. , r , ar'ca : .S. 0 . .SS. O-P. . :rl0

00 320 1 * :.Ss

GO 320 I.SS
CLM'rlL(I J) - A(ItJ I • FtI +)

10 APIOIVl * CUOI+IE.)
CALL IOOP(CLNTL.SS.1. I .tIL!t L I00.Wt. 11

CALL SOOT( j .+.S3.. 
0
O.S )

C

C ------- .-- IND CLu POR NOMINAL SYSTEM-------------------------------

C NOTE, USING CLMTIL POO API NOMINAL DUE TO SYORAGI LIMITS

C CLM?1L 13 USED FOR -OCAL FwOLLON
CALL VPULFP('CtOO ISS IC IS.P'C.20.IER)
CALL VP3.P"C..IO, 55.1,Sp . lEa I

GO 122 1 A 1.5sDO $2-2 J A 1.SS

322 CLITL(I.J * A£,J) * I(j)

C

C ------------ 1w11l 1 I0 LE.10 (lOCl DATA--... . . -.......................

C
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-30-AT 'X* .... - A... /S , O -'/

a * 1 0 E - 8'./) &

.S CO;.. a:

I ... ENE " OTEWIE

DO 40 1.

DO 40 1 . 1.

--0 .. BFB( . 7Ci G(.0 - BFS8 J

NOF 73. :SS

O :10 t 1,1

DO3 610~(,A jC 10 3./

M--SU. FS81F18.DF3 Is EPNECACLTO NDPOTN

REDO 41S 1551 EO

AV1EPE.)OOp0

P rAIOI*5
%4131*5
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77 77 7- -r ~;

415 opxsct.n * 4.00

'013(1I) toI

I6PIUCZ) *

C

C

WRITE(S.500)

50o FORMATcI/tJ.PuTING TIME REspasE-)
C- WRITE OPTPLOT PARAMETERS AND MULL P105*0CK MATRIX INTO DATA FILE -

lOADER * 55

NOUMACI). LOUDER

CALL) NIJLLCDUMA.NDUNG)

IFLL - MDIAI(1)wN0W44123

o NPTEC4s*oi IORDER.3.5t0I.I.IL
O II(4.55 IDW CI.I1.FLL

SI0 PORMA(5I5)

515 FORMAT5144j)

C - INITIALIZE THE STATE AND INPUT VARIASLS ---

NXXII .55

CALL NILLIXX.NXX)
CALL NIJLLIU.MU)

C

hRITE(4.521 I
521I FORMATIIIX. w..m ENTER "I" FOR MOAL FOLLOISINO *N0w * SiX.

1 04NS ENTER "a" OTHERISE. ' f
READI'. ISO 11AM

CALL FRTCNSI OLRSCRNI

AMP tI

MCt4T * I

MST * 0
MSTP . 240

TS * .0125

DO 520 1-..50

TI ME. I 's
C------. CHECK CONTROL PARAMETERS ANC SET CONTROL INPUT

IF II.OE.NST.AN.I.LE.NSTP) TNEN

ELSE

- U(CONT).0.O
END IF

* aRITEC4.5S01 TIME. CU(J).J.I.SI.CXXIJI.J.1.IOADERI

C ............ RESET SCALE FACTORS FOR XS.XA.X4,X.x.x...........
C ............ TO RADIANS FOR PROPER CALCULATIONS.............

DO 600 K * 1.10

IFIK.LT.S.OR.K.OT.UIDOTo SOD

IFIC.EO.SDOlTO 500
XX(I).XI(K)/5. 7294D00

500 CONTINUE
C---------.---MULTIPLY APIS BYXIV--...........

lORDER . £5
0

"--------CH--ECX IF MODAL FOLLOWIING Is REOD------------------
IF(IDAN.EO.0)OTO 525
IFIXXCS3.LT.0.)OTO 525
DO 5S1 N I.IORDER

4CLWIM * 0.00
* 00 555 N . I.IORDER

515 DIMAIM) * 0W44(M) * CLNTILIM.N).XXCNI
* LI CONTINUE

525 DO 5'0 M-.1ORER
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560 0"M(M)GDOWAM)*AFI8CM.N)mXX(N)

540 CONTINUE

C-- MULTIPLY WF16 BY U(N)

SAS 00 S60 M-I.IORDER

DO 570 N.2.s

570 Owq5CM).OIM5CMI*(N.3UCN)

560 CONTINUE
C--- ADD APIS XX(H) AND SF16 U(N)

DO00 M -i.IOROER

XX(M)OUM4 (N I*Um5MS )

C ..... ALE XXS.XX4.XX6.XX7.XXS$ TO DEGREES FOR PLOTTING PUtRPOSES...

C

IF (M.LT.3.Ot.M.OT.81 GOTO SOO

IF (M.10.5) GOTO se0

222 XXCM1 - XX(MIN6S.72980.01

SOO CONTINUE

520 CONTINUE

930 FORMAT(SCIA.7)

C

C----REATE OPYMATD DATA FILE--

C

C CALL WMArOfAFI#, BPI@I.CFIU.FI - ft TS. I040CRI

WRITEC6.999)
999 FORMATII/(IX. RESPONSE COMPLETE-OPMATO AND OPTPLOT DATA FILE CREATE

-01)

iWiITIC6,1000)

1000 FOR4AT(//IX.'*TO PLOT MESPO94SE GO TO CONTROLS EXEC. SELECT ORACLS.

.4 "THEN SELECT OPTPLOT.',

N/IX. IYOU MUST 35 AT A 6i18 TERMINAL

9000 STOP

CNN~~~~~~0.0. .......M N NNN NNNM*MMM *M ... MNMNNMMMMMM NM.

C

C RU3ROUTINE CMATML (COMPLEX MATRIX MULTIPLICATION)

C

C COMPUTES V Y. AA - 3

C IA - 0OFROWS IN AA

C LL 8OFROWS IN 98AND aOF COLUMNSIN AA

C t8 - 8OFCOLUMNS IN 8

SUBROUTINE C?ATML(AA.88.IA.LL.13.YYI

IMPLICIT REAL-OCA-N.O-Z)

COMPLEXwI6 AA(SS.5S1.IS(55.5S1.YY(55.51
INTEGER IA.LL~tB

00 10 1 . i.IA

00 oJ 1.13

YYI,,) N (D.DO.O.DO)

00 10 INDEX - I.LL

YYCII.JI YYCI.J1 AA(I.INDEX) N SUINDEX.J)

10 CONTINUE
20 CONTINUE

SOa CONT INUE

RETURN

END

C

C SUBROUTINE RANKOt COMPUTES REQUIRED BLOCK STRUCTURES OF SVD

C OPt "95" P0 USE IN EIGENSTRUCTURE ANALYSIS

C CDR V.P. OAVITO

C JUNE 1996

C NOTEi RZINVC IS NOT BEINO COMPUTED !

C

SUBROUTINE RAND(8. UT. S. N.M. UOTC. Ul C.RZINVC. ZRANK. O01

IMP.CIT REALMSIA-H.O-2I

REALMS 3515S.55).SCSS I.S*(55.S5) .RZ(SS.55 I RZINV(SS.SS),

192
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OMILEXNI6 RZINVCCSS.SS2.u0TC1SS55.~uTCdSS.55I

INTEGER N.M.IRAAI(

0O I I a 1.AS
00 1 .i - 1.55
flIct.j) * .00

R2(I.J) a0.00
RflNV(I.jI 0.00
U0TC(I..J) *10.00.0:

- UlUTC( I. * 10.00..0

RZINVC(I.4) - (0.00.0.00)

uCIJ) *0.00

S1411.J) * .00

SNU(I.J) *0.00

1 VTC?.4) *0.00

DO 2 1 - 1.50

3.2 MCCI) -*0.00

00531 -..4

IFCS(I).OT.0.D0)GOTO S
tRANE * 1-1

OOTO A

S CONTINUE

4 D 051.1.IN

00 s0 4 * 1.N

so Ut)..)) . UT(.I)

Do 40 1 * .NI' 200 40 J * ,IRMK
40UITC(J, -ZRAMLUt.*DCPAC.O.JO.DO

DO S0 J - 1IRAK-C .

c D 006 4.1.14

00 70 1 * 1.IRANK

70 SNCI.I) * VI)1

CALL VMULF(S.VT.?ZRAK..M.SS.55.RZ.SS.ZJERI
C$3sSs~s$3SS3S$IINOTE, RZINY IS NOT COSPUTEDSSSSSsssSSSSSSSSS~ssSS

C CALL LOINECRZ.10.IRA#C.N.T0L.AZINV.1I.I.KER)

DO 5001 £ . 1.13*14K
( 5S001 5141(1.1) * 1.D0/514(I.Il

CALL VMLLFF(SS.SM1-.RANC.IRANC.55.5S.RZIHv.fS.IER)

00601.I1."4

00600 J * 1IRANK
so 60 ZINVCWI.Jl * DCMPLX(RZINVCI.41.0.00I

CALL YWLLFFCBS.SMI.M.IRAJCC.IRAE.SS.SS.3SM.SS.IER)

CALL VNLLPP(S.UT.N.IRADE(.N.SS.SS.301.SS.IER)

RETURN

END
Caaa a* aaaaaaaaaawSUBROUT INE I'MATO WWSwaaaa eMDW aea

C hMATD WRIhTES THE 'APSB*. *316 CPIS' AND 'Dfl3'
a NATRICZES TO THE OPMATD DATA FILE. EXTRA MULL MATRICIES ARE ALSO

C CREATED AND STORED TO CONFORM TO THE OPMATD DATA FILE STRUCTURE.
C THESES MATRICIES ARE THE 0GAN0' * D*. *FK *or *0' 'RD' * .

C *V2 *. AND 'SD.

SUBROUTINE RATO(DA.3D.ODDELT.1IOERI

IPLICIT REAL.6(A-H.O-2)

C

C Fie SYSTEM MATRICIES

C
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c ES(YA 14ATRICICS REQUIRED IN OP*IAT DATA FILE

C
DINDIaN DU.3P(5 4.01.13.DS33V14 4.05.'

C
DIPOISIO8 F( (X23.0( 3.iD2 NI( ND2

INTZOER laRDER

-- -- CREATE MM.L HATRICIES TO BE STORED ON OPHATO

PooC)23AIODER

NPKC 1) .IORDER

NOD (1 *14

p N2 (11314

101 laRDER

315023 *14

C
CALL MU.LI(D. WD)

CALL MILL(PC.NFrK)
a. CALL NILLCOO.N003

CALL NtjL(RD.IWND3

CALL NILL1v2.NV23

CALL NtiLLCSD.31S03

C-----------WAITE MATRICIES TO OP14ATD DATA I --- -----

IDOPTO * I

WAITECS.150) 1. IAN5.IZDOPTU

IR ITEC S. 1113
hIRITECO. 1303 (IAD(1.J.3J.1.oRDERI.1 1. IORDERI

WimITlSIS 32

WRITEIS.1333

WAIME3.1303 CIND(I.J3.JaI1.lIOADER I . I.1.1S)

WITEdI. 153

hIRITE(3. 10 (F(.3...OAEI 111

$ WAI TNS. IS?)

wltR1ECS.130) (( .J).J-I.14).I*1. ZODER

.01 TI3. 139)

wAit EII(. 130 (011)..133* .. 4

bIRITEES.1303

WITEC3.142)

WAtTE13.1S0315( J3J33.I..ODA

120 POAN4ATSIS.SX.F30.S)

1SO FORMATI4020.13)

131 FOR0MAT(1X.2hAD)

132 PORMATU1N.M30)
133 PORMAT(IX.2H1403

134 PORMATC(,41IOAMD)

135 FOAMATIX,2MFO)

106 PCR34AT(13.2HPK)

137 PORMAT1(M.HGo3

IS$ PORMATt1X.2M003

139 FORMAT(1X.CNHRC

148 FOMMAT(1N.24V1

141 FOAMAT(1X.2'MV2)
142 FORNATC1X.,^MSO)
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RETR

C

C SUBROUTINE SROOI'm CONVERTS -PLANE RtOTS TO

C S-#LANE MOOTS

C CDR V.P. GAVITO JULY 1906

C

SUBROUTINE SMOOZ..S.T)

rMPLICIT QEALS(A-M.0-Z)
CMPLEX-16 !I.(5

INTEGER N

00 10 1 I."

Rs D IMAG(D3
RC * OEAJ..CMII

I (DATA2(AS.RC)),T
R2 *CDASZU))
A * 0L001R2)/T

S(!) * OC9LX(-A.3)

I* CONTINUE
RETURIN

eNO
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APPENDIX E

ERSPACE

C .....**..... a ........ ....g.... .................. ..... f...... 0.g

ERSPACE: TESTS IP DESIRED/UNA40AAGED DLOM RIGH4T EIGENVECTORS

C ARE MEMB3ERS LIP 'ME DAMAGED RIGHT HAND NULL. :PACES.

C AND WRITES DATA FILE POR USE OV EL.SPACE

C

c CDRn V.P. Duviro

C JLY 1~ll

C
C PILE 01 - ERSPACE DATA

C (READ)

1%C PILE 00 - ELSPACIE DATA (LEFT EZOENSPACE DATA)

c (Wi ITE I
COO ....... ........................ a ... No .... 0.00...gWCS

IMPLICIT REAL-O'(A-M.O-Z)
d D1ME?410N A(SS.55).RESR(C4) .CTCSS.SS),NA(SS) .UNITY(SS.SS)

COWLEX(*16 X(SI,I5).E(SS) .XSS.S).T(SS.55).TLOWi(SS.24)
COMPLEX-16 UITC(SS.SS).ANL(SS.SS).ElGD(:').VD(SS.24).ZI.V(SS.24)

COMPLEX-16 UNITYC(SS.SS) .;ZNLLC(5S.3.VV(yS5).NV1C(SS).

IRES(4S..G).ESL0*6C6I.SLOWSS ')-.2

RELASbV(110).VLUC11O).VUU(11O).0(1 ).RACIII .111).

I KS(4O00bASINCSSS).CTSN0(SS. ISI.ErRSECS.XRSXCS.

-~2 TRS.TCS.UAS.UC3

CGIPLB)CS ESING(4).r'sLIN0(SI.,4).XSLzIG(SS.:G).XSINGC5S.S)

CO6WLEX-S EING(5S(.U1IT(5S.55)

INTEGER 141.141.IELE.IW(10002).IC(IO.ZD0fl).IV.IRAK.IRCNCSS4)

INTEC4R DP(111),aSTArgSS.CSTATECSS).IROS.KPAST.IAR(SS.ZUCTI

C
C- - READ PILE 01 (ERSPACE O T ------------

READII ,2IZRONSXPAST,IRANKD.IRMC

REAOC.4(ISTATE(I).t.1.ROWS)
AEAD(1.4)CKSTATE(I),I.1.KFAST)

READtlSflE3SOWCI).Z-lZaROWS)

V READCI,)((XLOI(Z.J).J.1.IROWS).II..S)

0 READ1S(A(I..jbJ-1,SS), (.S5)

READCL .2) LUBl

2 FORMAT(41Z)

3 PORMATC4D2 .. 1S)

4 POAMAT(4012)

s POAMATCAEL2.S)

C

C------- IIILZ CONSTANTS -- - - -----------------

C

CALL. PRTCMSC*CLRSCAN 1)

NI - 55
rSTEP * .250-02

DO 6 1 * 1.14

D0 6 j * .NI
AStNO(I.J) *SHOL(A(I.J))

W4ITYCI.J) O .00

6 I4IYCI.J) - DCPPLXCO.00.0.D0)

00 10 1 - 1.NI
UNITYCI.1) *1.00

UN I TC(I.I) *DCM9LXII.DO.O.DOl

00 10 j * I.IRONS
t0 VI.J) - XSON(I.J)
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C
C-----IPUY SLOW EISENVALUE INDICES PO ARBITRARY ELEtT---

C

IITEC4 *11)
11 FORMATC/SX.I.mv. INDlICES OP SLOW EIOENVAL1U n.!,'

WblTP(6. 12)CISTATIE(I 2.. *IROwS)

12 PORtMATcSCQx.z2.:xj.,i

C otIT(4.11)
C4 PORMAT(;,'5 ''i"w ENTER No. OF ARBITRARY EIGE)4VECTOR UU dM
C I tW... FOR ADS. *U

C REAOCU.2IIELE

c ARITE('.3)IELE'

CIS FORMATCISX. noms ENTER RON N03. OF THE '.12.' ARBITRARY .. .
C hIms. 'U ELEMENTS IN 12 FORMAT,.. ~
C- -- P oR RECR2ZS THERE ARE 2703R ELEMENTS NOT INCLUC STABS--...
C ME - SG4

111.1 - 27
C 00 13M .j..g
C3 103B(M) . N * S

C DO 14 N * 29.14
C4 IAA3M .M.-9

C IAR3(3S) 4SA

C 14*3(341 47
DO 11 M * 1.27

is 1*93CM) . M.16
170 DO 55 1 * '~w

21 * ECLOWCII

00 S6 K - 1041

54 ANLCJ.a) * DCMFLlCACJ.K2..O0) -ZlIUNZTVCCJ-gcj

IV * lusl
44 CALL CNATPLCULTC.ANL.IY.N1.N1.RNW±LC)

DO S7 j * .NZ
57 NyUJ) * VCJ.I1

59 CAIL.CAtRtJc~ I N bvC

so RES(J.I1 * WYIC(JI

C P IND 2-NORM OF 1)HE RESIoDUAL

*74 V a Y - OREALRESJ.Ifl..2. OINAGIRESJ.Ij)U2
ROBj * OSORTCY)

RESRClj * 9034
C IF 2-NORM OF RESIDUAL Is OK -- JUP OUT

IF(R034.LE.I.COOIGOTO 55

C GOTO 55
9cp*..".~o.. C0..UUWWUUUU* .... UUUNo UU.... .. U am"U....so.."U...EUU....

C
C IF EIGENVALUE IS COMPLEX. THEN PERFORM TME OPTINIZATIOW
C ONE TIME FOR BOTH 1)41 EIGENVALUE AND ITS CONJUGATE.
C

IPCICGIJG.EG.1)OTO 97
ICONJO U I

C ----- INITIALIZEr ARBITRARY ELEMENTS (PAST ELEMENT) ------
940 00 100 tl U .IELE
100 IROWCI.I) * ARICUI)

- C
C SET UP FOR ADS OPTIMIZER CALL IN SINGLE PRECISION FOR RESIDUAL.
C
CU ...... UUU N ...UUU Uo .UU. O UUUUU ......... EUUUU.... EU.. N...... Uo ........U

94-RU SNGL(ROSJ)

IWFO * 0
13TRAT * 0
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NOON *0

IGRAD - 0

IPRINT - 1000

NOT - 0

Ra* - SS

NCOLA - 110

* CALL SROCTCZ1.Z2.TSTEP)

WRITE(G. 96311t. :2 *ISTATE CII

963 FORMAT(/SX*n... ENTERING AD3 'OR =-SLOW('. 12. Z .,EIZ.S. IX.
E12.5. J 'e tX'. Zx E2Si.1..Y ~x
' .. e UNDAMAGED ElGEN4VECTOR NO. i.

*C SET 8 LNS

* C ASC a.JONED TOLERANCE ON DESIGN EIGENVECTORS

* IF(IELE.EO.OIOOTO 1007

1008 fllTEC6.100SI

1003 FORMAT(/iX.'-*-e ENTER REAL UPPER SOUND OF ARBITRARY ELEMENTS ..
p,./sx. -a" IN "P12.5" FORMAT. ENTER 'I" FOR No OUND*4. .*No.)

READCN.1020 R

IFCDIMAO2I).NE.0.DOIOOTO 1015

UC * 0.

0070 1016

1015 WNITEC6.1006)

1006 FORMAT/IX ...... ENTER IMAG UPPER SOUND OF ARBITRARY ELEMENTS ..

1"/SM. Ix... IN "F12.5" FORMAT. ENTER "1" FOR No BOUND. eN I

READ C I. 1020 RUC
1016 ZF(UR.NE.1.E.0%IGOTO 1006

JR * 0.IE"21

1006 IPCUC.NE.1.E-06)OOTO 1005

UC -O.IE-fl

1005 IFIIELE.EO.NIIGOTO 2015

1007 WRITEI6.1010)

41010 FOOMAT/iX ...... ENTER ALLOWED EIOENVECOR I0LEPANCE IN "'12.5" 0

IRMAr **ON./SX......o FOR THOSE EtOENVECTOR ELEMENTS ew.5X

- tO~~ WHICH ARE NoT ARBITRARY,. 1

WRITEI6. 10111
1011 FORMATISX.C. *e' ENTER TOLERANCE ON REAL PARTuw /

READ(e. 1020 IEPSR

102.0 FORNATFI2.SI

IFCDIMAOIZI).NE.0.DOIOOTO 1017

EPSC a 0.
OOTO 1013

1017 WRITE6.1012)

1012 FORNATISX ...... ENTER TOLERANCE ON IMAO PART ...

READtN. 1020 IEPSC

1010 CALL FRTCNSU'CLRSCRN

~Jj * 0

DO 77 .1 * 1.NDV-1.2

'(FIND * 0

IFIIELE.EO.0)OOTO 1026

1016 DO 2025 K * 1.IELE

IFCJJ.JAE.IRtON(K.IIIOOTO 1028

EFIND*2

VUBIJI * A

VUUIJ1I) * UC

VL3(JI * -UP

VLSIJ*1) * -UC

1029 CONTINUE

C --- NOTE. PRESENTLY TNE ENTIRE VECTOR IS ALLOWED TO VARY BY AN----

*C AMOUNT EQUAL TO EPSR.EPSC. INPUT EPSRwEPSC-0.D0CURRENTLY

C IFCKFIND.EO.IOOTO 1027

1026 XX * REALIXSLOWIJJ.II)

V . DIMAOCXSLONIJIII)

VUSIJI a SNOLIX * EPSR

VUIJ-1) * SNOLCYVI * EPSC

VLICJR SNOLCXXI EPSR
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-~1 IC? Xl * a IMA(WV(JJ) -IS

SWVcj.1) - SNOL(I)
3 IC~IJ * 0

OPIJ-1 * 0

OF IJ .I a0

77 CONTINUE
84 CAuLL ADSCIFO.ISTRAT.0OPT.OEIPRINT.GRANV0NS-WVVLB.

I VUB.3R0BJ.O.lOO.N0T.lC.DF.RANRA.NCOAWKSqooa.IWj.loo)

4VCJJ1 CMPLXISWV(JI.SWVIJ.tI)
73 V(jj.I2 * WVIjj)

IF(INFO.Eo.o)GOTO S4
C REEVALUATE 0OBJECTIVE FUN4CTION

CALL CMATMLERNULLC.WV.1V.NI.I.WVICI

DO082 1* laiy
32 815(4.11 - WVICIjI

Y - 0.0
*DOSSJ1.-1.zy

es y a y - 3REAL(REScj,:11*.2 0ItqA~rRE5I(.J))..

ROBa - DSORTCY)
RESQI!) * ROvi

* ZROBJ * SWOLIROSJI

C CONTINUE WITH ADS OPTIMIZATION (MINIMIZING ROtH)
GOTO 84

54 wRITEI4.9S1ROta.I
953 FORMAT(IIX, '.... O8JECTIVE FUNCTION VALUE . '(110.3. *** .11

*"--* #OR EIDENVECTOR NO.'12'" I
* IF(DIMA0IZII.EO.0001

0 TO 55

IF(ICON.JO.eo.1,ooTO 55
97 D0 S* - *,NJ

ICONaD . 0
98 ASLOW(K., - OCONn(v(K.I-1I,
55 CONTINUE

C----DISPLAV RESULTS OF CUIT-<A-LANOHA.I))40ESIREO BASE EIOENVECTORS--

CALL FRTCMSV'CLRSCRN '

WRITEI4.45)
45s FORMAT(hi5SX ...... THE FOLLOWING VECTOR DISPLAYS THE NEARNESS OF

*"-S .. EACH SLOW EIGENVECTOR TO THE ALLOWABLE RIGHT
2"""' ./SX, '4 HAND SLOW EIGENSPACE FOR THE DAMAGED FlB MODEL.

WRITEI4.4OICRESR(I,. I-l.IRONS)
40 FORMAT(211.D20.l3l

* WRITEIO.1511

ISO FORMAT,'5l..... ENTER -I- IF RESIDUAL IS UNSAT TO RENTER ADS ....
* ,S. ~ ELSE ENTER "at. ...

READ~ISI55OFT
* 15 FORMATIII

CALL PRTCHSI'CLRSCRN .
1FCIOPT.EO.OIOOTO 160

D0 165 J * 1.IRONS

DO 345 1 * 1.55
145 XSLOW(I-a . V(I..J

GOTO 170
140 DO 93 K * l.IRON5

DO 95 3 1.5

91 X(14.1(4 * V(J.K1

it C

C --------- IPND LEFT HAND EIOENVECTOR3 ----------------
C
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00 175 1 . 1.55
D0 175 .1 A 1.55

175 xS(I.j1 A XI.J)
CALL L10T1C1X.55.55.WiITVC.S5.55.@.MA.IERI
00 180 1 A 1.55

DO0 oJ - 1.5
130 TJ.3) - UNITVCII.J)

C REINIT UNITYC

DO 181 1 - 1.NI

00 181 J . I.N1

181 LINITYC(I.J) - DCPPLX(UNtTV(I.J).0.0

a
------- SUILD SLOW LEFT -~AND EZGNVONV----C------S----

DO 185 .* .lRCkS

00 185 I . 1.5

KK -STATEIjI

185 TSL.Ob(I.J) - tiI.KKI

C
C --------WRITE FILE 08 FOR USE By ELSPACE IN SINGLE PRECISION--

C

WR ITE(G 98)R

198 FORMATI/SX. ... WRITING ELSPACE DATA FILE 08 ....

DO 190 1 - 1.55

ER - DRIALIECIII

EC D IMAGIECl))

ERS *SNOLIERI

ECS S NGL(EC)

EINGMI CMPLXCERS.ECS)

00 190 .1.5
AR DR9AL(XII..flI

XC - DIP3AGIXII.J))

XRS - SNGLIXR)

XCS - SNGLIXC)

XSING(I.JI - ZMPLXIXRS.XCS)

190 ASINO(J.(1 - SNOLIAIJO))

D0 196 . 1.65

D0 IfS K( x t.iG

19S CTSING(J.() - SNOLtCT(J.K())

DO 196 1 - I.IRO.S

ER - DREALCESLONII))

EC DIMAOIESI.ONCIII

ERS - SNGL(ERI

* ECS - SNOL(EC)

ESINOCI) - CMPLX(ERS.ECS)

00 196 J . 1.55

TR - DREALTSLOW.(J.I1)

TC - DIMAO(TSLOW(J.I))

TRS - SNGLITR)

TC3 - SNGLITC)

XR - DREAL(XSLOW(J.III

XC - 01IMAG(XSLOW(J.1))

MRS - SNOL(XR)

XCS - SNOL(XC)

XSLINGCJ.1) - CIPLX(XRS.XCS)

194 TSLINGCJ.I1 - CMPLXCTRS.TCSI

DO 197 1 . 1.IUBI

DO 197 1 - 1.55
UR DREALUIUTC(.jII

UC DIMAG(ITCII.J))

UPS - SNGLCUR)

UCS - SNGLIUC)

*197 UI3T(I.J) - CMPLXCURS.UCS)

WRITE($.2IIROWS.1U81

* WRIE(9.4 ICISTATE(I11.1l. IRCISI

WRITE(I.S1 ISINGIl)I.I.3.1.53..155

WRtITE(g.S)((ASLING(I.Jl.J-.3..IS). .1.55

WR ITE IS 1(XSL INGI .J I * ..IRONS 3. 1.. 5
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14ITh[(3.S)t ( CTrSINO(I, .1, .1 , S)*,1 .5S5)

MZTE(O.S)((UI3TCI.J).J..S).Is1,1U513

66 STOP

END

C
C SUBROUTINE CMAT.. (COMPLEX MATRIX MULTIPLICATION)

c

C COMPUTES: YV , AA S 83

C IA - a OF ROWS IN AA
/C LLs - a N o0p wS IN RB ANO 8 OF COLUMNS !H AA

3:SMaCFCZLLMNS 1w3B

SUBROUTINE CMATmL(AA.aS. IA.LL. r.YV)

COMPLEX.16 AA(SS.S5.,88(SS.S5 3.VY(S.SS)

INTEGER I-.L,IB

00 30 1 - I.IA
;% 00 2a J - 1.3I

VYCI.J3 * (0.00.0.D0)

DO 10 INDEX s 1.LL

YY(I.J3 a yV(JJI * AA(I.INDEXI 33(INDEX.J)

10 CONTINL.

20 CONTINUE

so CONTINUE

RETURN

END

C
C SUBROUTINE 5ROOTs CONVERTS Z-PLANE ROOTS TO

C S-PLANE ROOTS

C
C CDR V.P. QAVITO JULY 1986

C
C... 5......N.........S. * M....... .........S. .....S..........

SUBROUTINE SROOT(Z.S.T)

IMPLICt! tLtA..Z

COMPLEX-16 Z.3
RS * OIMAO(Z)

RC DREA(ZI

I * (ATAN2(RS.C)I/T
R2 * CDABS(ZI

A * -DLOO(R2)/T
S N DCMPLX(-A.8)

RETURN

END
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APPENDIX F

E LS PACE

ELZ;PACE: 'ESTS :F RT/Lr ';LCW L-EFT IGENVECTORS

C RESULTING FROM ERSPACE OPT:MIZATICN ARE MEMBERS OP THE

C DAMAGED NULL ;.PACES.

C
4C NOTE: COMPUTATIONS ARE IN SINGLE PRECISION

4 C
-~C CDR V.P. GAVITO

C NOVEMBER 1986

C

C FILE 01 - ELSPACE DATA

C (READ)

C FILE (PASS - ADSDAT DATA OR XSLOW DATA

C (WRITE OR READ)(WRITE)

C PILE 04 - LRES DATA

C (WRITE UNDAMAGED) (REAL DAMAGED)

C FILE 07 - NULL DATA

C (READ)

C FILE 00 - OPTEIG DATA

C (WRITE)

C PILE 09 - SEGEIGI DATA (SEGMENT I DESIGN DATA)

C FILE 10 - SEGEZOC DATA (SEGMENT 2 DESIGN DATA)

.4c RILE 11 - SEGEIGS DATA (SEGMENT 3 OE::CN OATA)

C [WRITE)

C NORMS

C RESRSI)/RESLSII - SUM OP iECTOR CCMPCNENTS (COMPLEX)

C RESR2(I/RESL2I) - Z-NORMS (REAL)

C RESRICI/RESLI() - 1-NORMS (REAL)

*C REINFRI)/REINPL() - INFINITY NORM (REAL)

*C INFNRRo/INPN4RL() - ROW NUMBER OP INFINITY NORM

C ELUNDC)/ELDAM(l m LEFT NULL RESIDUAL VECTORS

C DTNORMI) - 2-NORM OF DIFFERENCE BETWEEN LEFT EVECTORS

C

.......................................................................................

IMPLICIT REAL44(A-H.O-Z)

REAL-4 LTEST

DIMENSION A(SS.SS).CT(SB.5B(.WA(SS. JNITY(55.5(.DTNORM(2c)
DIMENSION SCT(BS).hWKCT(11I( .UCTT(SB.51.REGR:4( RESL2(24)

*DIMENSION Gd I.DF11111.,RA(1I.22.).WX)10000).XX1111(.VUB(IlI

* ~~~~~~~~DIMENSIONVL(I.R R12)R LIGRINRC.ENF24

COMPLEX-8 TG LOW(SS.24 I.AML(55.S ) .UNITYCI5S S).UCTITC(S5.B5)

COMPLEX:: )SLOW(5B.24 I.UB1TC(i5.55) .RESRC(4 I RESL(2G),
COMPLEXE UCA(SS.5.LL2. (5.$, .OJB.ESLOW(24

* COMPLEX4S UBA)B5S I.RNULL(24.45.BB( .RODJ(BS) .E(BB) .XIBB.SS)
COMPLEX-$ ATI4...)S.SS) .WVL(SSI .NMLIBB,55) .T)BBBB ).X$SBS.SS)
COMPLEX-@ WVR(E).NR(S.S).RR.RL.ZI.Z2.ZI.4ZS.ROT.SCMG

COMPLEX*6 RUULL(I.G.SS).LUNUILL(.37.BS).XT(SB.55).XSAVE(55,B5)

COMPLEX-$ REZ RR(2).RELL(24).GBJC.5A.ESRSIC4I.RESLZ-(2e4)

COMPLEX-S ELUND)37.24 I.ELDAM(37 2') .DIFF(:4)

COMPLEX-$ TDES(5S,24).DT(SS)

COMPLEX-16 EDIBS).XD(55.55).EDR)BSI.XDR)BR.BS)

REAL4 DR.DC

INTEGER IROWS.IRANCT.IUBI.IDG)I).ICCfl.IWK(1C00),IO(B),ISTATE(SS)

4, INTEGER INULL.tAR3(S5),ICHGINP.IADS.ISEGIEEN.IIMAGIREC4K
4% INTEGER INFNRR(:4).IPPNRL)24I.IUrND

C--------------- INIT COMPLEX MATRICES-------------------------------------

DO 600 1 - I.SS

DO 600 J - ISS

UCT)TC(I.J) *CMPLX)I.,O.)

USITC(I.J) *C'PLX(O..0.)
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UlA(I.j) - clml.J((..0.I
UCA(0.J) . C9LX(0. .0.)

600 CONTINUE

C

C--------- EAO PILE 01 CEL.SPACX DA- -......
C

REAOC1.2)?RONS.IUgJ
REAC(1.4)CISTAtE(I 3.1.1. IRONS)
READC1.3)CESLON(t 3. I.IROWSj

REAOC1.S)CCXSLOWI(ZJ).J.1.ZOWSIIo.S)

REACC1.31((CTCI,.J3.J.. I.Z.1,00;-.5

2 FORMAT(1-y

3 S ORMAt6El2.S)
4 FORMAT(.01.

a S ORMATC3I)

c

C

INFO .

ITER . 0

lAOS, x 0

100(t)*

*1sICHO a

IMULLC a

tNP . 0

IRECHK *0

WdEIGHT *0.01

RLU - 0.

*L 0.

RLREAL - 0.

IRANCT . 1S

IARS(I1 . 0

ROBJ(II - C"PLXCO..0.)
LOBJ(!) - CIIPLXCO,..

00 0 1 - 1.55

ASAVEII.j) . x10.j)

XSCI.jI - X(t.J)
UNITY(I..j) . 0.

UCTT(I.j3 . 0.
IMITVCI.j, *C14LXCO.0,0.0)

s CONTINUE

00 4 1 1.55

ED(I) *EKI)

UNIlVCI.1) *1.0

UMITVCCI.I3 CPPLX(1.0.0.0)

6 CONTINUE

RESRSCI) - CMPLX(0.,0.I

RESLSCI ) - CMPLX(0..-0. )
RESRI - C)PLX(Q.-.)

RESLLMI - CMPLX(..0.)
RESR2(t3 0.
RES1.2(I3 ) 0.

RE *II 0.
RESLIM 0.

REINFRcI3 0.
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RES4l) . CICLXCO..*.)

00 1 . 1.37

ElLP'J.11 - CPWtXC..O.)

EL.DAI4J.1) - C94PLXCO..0.)

7 CONTINUE

C

C - -SAVE DESIRED SL.OW LEFT EIGENVECTORS FOR OPTIMIZATION--

C

00 660 I - 1.55

00 6410 1 - 1.IROUS

O6 CESI-. -I LOW(I.J)

C

C------FINDDESIRED LEFT EIGENVEC
T

OR MATRIXT- -----

C

620 CALL LEOT1CIMS.55.SS.IMITVC.S5.55.0.dA.IERI

00 9 1 - 1.55

00 9 j - 1.55

9 TCJ.t) . W4ITYC(I.J)

C - - REINIT COMPLEX IDENTITY I S-

00 11 1 . 1.55

00 11 .3 - 1.55

XSC:.Jl - CMPLXCO..0.)

U - UNITYCI.!)

11I UNITYC(I.J) - CNFLXCU.0.0)

rFURmECK.Eo.a100TQ 17

DO 660 1 - 1.55

00 640 .1 . 1.19014

KKC - ISTATE(JI

640 TSLOWI.J).TII.KK)C

0070 'In

C

C------FN V0 OF CN.T (DAED --- -- ------ - - - ---- - -

C

17 00 10 1 - 1.55

la UCTTII.I) - 1.0

CALL LDVDF(CT.SS.SS.1S.UCTT.IS.5S.SCT.wICCT.IERI

00 1S I - 1.18

IF(SCT(I).GT.0.0IOOTO A5

IRANCT . 1-1

d OCTO 20

15 CONTINUE

2a CALL WRTCMS(*CLRSCAN

WRITEC6.16)IRANCT

16 FORMAI'I/SX.'** RANKCCOT) - '.12 ***

00 Z's I - 1.55

00 ZS * IRAMC7 - 1.55

UCX - UCTTCj.1;

2s UCTITC(J-IRANCT.ZI * CNFI.XIUCX.0.0I

C ------------------ ANALYSIS INFO----------------------- - - ----- -

WRITEI9.1SI

is FORMATC/SX. -*aw ENTER "I IF PASS IS FOR NDOAM A14ALY3S 0 .

/SfX. ... 0 ENTER '0' ELSE.

READ(-.SIIND

IF(ILR1.9Q.1)OOTO It

READC.)(ELUNVI.JI.J.. 7 2. 1.. 196.33

C

C - ------- PASS OLE ------------------ --- ---- -------------

C

19 WAITEIA.411

41 FORMAT(/SX. .... ENTER "I IF FIRST PASS T14U ELSPACE w--./SfX.

I 000ENTER PASS NUMBER OTHERWISE. .w ,

READ(o.0)IFASS

IFCIPASS.EQ.110070 42

OREADCIFASS.2)IROWS. IPASSA

READCIFASS.A ICISTATEC 11.1.1 .IONSI

READ( IPASS .3 IC X(I.J 2.J .3.. 5 .1. 55

READ C PASS. S)(C TIJ.J I o. 55 . 1.. 5
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REAOUPAS)C(XSLONI. J).J. IRONS). I.1 .55)

C -RE INIT I AFTER ELIPACI EXCUTIO-

C
62 Do 27 I - 1.IROWS

It1v ISTATICI

M011) - ESLONCI)

27 V(11) * ESONCI)
C

C-------RENIT XD AFTER ELSPAC! EXECUTION~~,-- - ----------

C

10 Zs I* iss
00 Z3 j - 1.55

23 )(D(I.jI * XCI..JI

C--- ------ INC NULL SPACE OPERATORS~--- - --- -- ---

C

26 00 30 1 - l.IRONS

IFCICI4C.Eo.0)C0To £4

36 00 35 14 . 1.5

DO 35 K - 1.55
AR* h(J.K)

4 ATR* A(K..iI

AML(4.KI a CNPLX(AR.0.0) - 1IU4ITYC(J.K)
55 ATrtLj.i) . CPLX(ATR.O.0) - 21IMUITYC(4.C)

CALL CMATILCUSITC.ADL.1U31.55.5S.UUA)

CALL CNAThL(UCT1T.C.ATt.1-IRANCT.55.5.JCA)

00 36 44 * I.1U31

GO 36 XX - 1.51

1F(CCbI.EO.0O0 37

RNI.LL(INLLLC.JJ.CK) * U3A(JJ.KCI

37 RNULL(I.4JJ.KX) * USACJJ.KK)

36 CONTIWUE

-. 00 60 J4 * t.55-IRANCT
4.D 060 KKX. 1.51

IPCICl4O.E.O)00O 39

LNULLLCINULLC.JJ.K3) - UCAC4J.ICXI

S0T0 40

39 LNLLLC1.JJ.KK) - UCA(JJ.XKI
60 CONTINUE

IF(1C40.EO.0)GOTO 30

21C - AINAOC:I)

CZCIC . ASZ1CI

IP(CZC'4C.EO.0. :0070 208
1P(INP.EO.1)00?O 203

21 CONJOC21)

INLJLLC - INULLC * I

ICHO * 1040 - I

ESLOWCINULLC) * 21
1(1040) * 2

GOTO 34

30 CONTINUE
C

C-------------- FIND LEPT/RION? RESIDUALS----------------------------------
C

200 CO3JRt - 0. 0

CDBL * 0.0

DO S0 4 - 1.IRONS

GO 11 I * 1.11

wvR(1 * XSLO(l.4)

51 WVLMI - TSLONCI.J)

C IP(ITEU.NE.0)GO1O 46
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Cl IPCJ.La.4)G01O 45

c IP(J.10.10)G0T0 45

C IFCJ.EQ.1120?O 46

C IF(J.co.lI)OOTO 45

C IPCJ.CO.21300T0 4S

C OTO 46

C45 CALL SROOT(ESLDW(J).ftT. .01253

C WRITE(6.58lJ.R0T

Css PORKAT(1X.'S4.0b LEFT EIGENVECTOR NO. *.12,1531.

C 'EIGENALUE - 'E12.S.131.E12.5.1 J'./5K.

C *IDESIRED VECTOR DESIGN4 VECTOR'./I

C WRITE(6.56)(TDESCI.J2,TSLOWCI..JI. 1.1.82
c -RITE(6.471

C47 Z0RMAT (wn- .. ... on.... . .s.w ...............W*

C WRIE16.S6 ICTDESC.j3.TSLOCW.J). laS.161

C WRITEC6.47)

c WRITE(6.54 ICTOESI I.J2 .TSLOU(I ..J). 1I.17.55
CS4 FORMATC1X.E12.5.13.1..,.sx.EIC.5.LX.E1.5.,JI)

46 0057? Jj - 1.!9.13

00 S7 ICE - 1.55

S? NwR(JJ.K) - RNULLJ.JJ.K

D0 404. *j - .NI-RANCT

00 40 ICE - I.N1

40 NIIC..JJ.ICCI - LNIRJ.CJ.JJ.IK
A CALL CMAT14L(14R.WVR.IUll.SS.1.A09j)

4 CAL.L CMATL(NIL.WVL.NI-IRANCT.NI,1,L0341

RTEST a 0.
00 41 44 - 1.IUSt

RESRZ(JI - RaSR2!J) * ROSJIJ1-lCONJaCRO3J(JJ)

RESRIJ) - RESRI(J) * CABS(ROBJ.1fl,

Rf((1 RESRIJ) - ROJCJJI*.:

RINFR - CA3SCROBJJJ))
IFINTEST.GT.RINR)OTO 61

REINFR(JI - RINPR

RTE57 - RINFR
41 CONTINUE

RES42(J) - SORT(RESR2(J))
AR - RESRC.JI

4E(J)(4 CSORTCRR)
C COB.JR - COSJR *CASRRI

C COS.JR - C03.JR *CA3S(RESRR(J13

COBJR - C03.JR - 4(542(J)

LTEST - 0.

DO 65 44 - I.NI-IRANCT
RESLS(JI - RESLSWJI - LOBJCJJ)

RESL2(J) - RESL2(j1 - LOBJE.JJINCONJO(LOBJ(JJ)I

QESL1CJ) - RESLL(J) - CASIL0J(JJ))

RESLIJ) - RE(J)14 - LOSJ(jJ)-.2

ELDAM(JJ.JI . LOBJ(JJ)
C --------- SAVE UN6DAMAGED LPT RESIDUAL VECTOR$S-------

ErLUNDJJ.JI . LOBJCJJ)

4S RINFL - CADSCLOJ(jjI)
IF(LTEST.OT.41,ELOO 45

REINFL(J) - RINFL
LTEST - RII*L

45 CONTINUE

RESL2(4) - SQRT(RESL(J)

ML - RESL(J)
RESLL(J) CSORT(RL)

C COBJL - COBJL *CASRL)

C COW.L - COBJL *CABS(RESLLCJ))

COBJL - COW.L * RESL2(J)

so CONTINUE
C----------WRTEUNDA14AGEO LEFT RESIDUAL VECTOR --- -------------

IPIIUNO.EQ.CIOCTO 66

45 tFCIADS.EO.:;GOTO 
9:3

67 IF(ITER. OT.IIOOTO 40
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A, I *,*,...* A..

C

C - DISPLAY RIGHT AND LEFT RESIDUAL---_--_-__--

66 hRITECS.?4ICOSJR.COSJL

70 FORMAT(/SX.'0w5 DAN-RT SLOW SUSSPACE RESIDUAL a 'I. O.

I /Sx. *mm"" DAN-LT SLOW SUBSPACE RESIDUAL * *.EI2.S*.* ons""

2.)

c
C---------DISPAY INDIVIDUAL RESIDU AL--. --.. -.-... -

* NRITECA.B0)

SD FORMAT(/IXK. *N EVECT SLOW STATE ROT-DAM RESIDUALS LFT

1-DAN RESIDUALS' ,/)

WRITE(6.IC)(ISTATE(I).I.RESR2(I).REINFR(I].RESL:[IIIREINFL().

-I.L.ROWSI

81 FORMATAX. 1. IOXI2.6X,.E12..IX,EI .S.XE . ixS,EXCI2.S

C- -.-- E----- SET UP ARBITRARY ELEMENTS FOR ADS SIMILAR TO ERSPACE ---

C----- - R RECR2S 00 NOT LET AT STAB OR LT STAB BE ARBITRARY

DO 71 1 - 9.43

C IF(I.LE.IGOTO 71

IARBIII) - I

III * Ill * 1

71 CONTINUE

C COMMENTED OUT FOR RECR25

C 00 72 1 29.-4

C IARB(III) - 1 * 9

C III - III * I

CZ CONTINUE

C--- -- FOR RECR-S CASE THERE AREIO LESS ARE ELEMENTS THAN FOR----

C--- ---- SYMMETRIC CASES. COMMENT THE COLLOWIG TWO OUT FOR SYNM.

C ------ CASES.- --------------

C IARBCV7I 45

C IARBCB1 * 47

C USE THE FOLLOWING TWO FOR SYMMETRIC CASES

IARBS(3) - AS

IARB(37) * 47

C

C ----------- LEFT NULL SPACE OPTIMIZATION QUE----------- -..........

C

RITE(6.82)

82 FORMATI/SX.'.... ENTER "I" FOR NIN. OF LFT-DAM RESIDUALS ONLY ....

* 'x. "*t' USING ARB VECTOR ELEMENTS AS VARIABLES-...

.,./Sx. '-N"N ENTER "2" FOR LFT NULL SPACE INTRSEC. ANALY. s

* ./Sx. 'Nn" ENTER 'S" TO SHIFT A DESIRED SLOW EIOENVALUE N'

C ,/Sx. * ENTER "4" TO EXIT ELSPACE AND 4RITE OPTEIG ....

.15/. ''""U ENTER "S' FOR MIN. OF LFT-DA4 RESIDUALS ONLY ...

C ./5. '**... USING EIGENVALUE AS VARIABLE. ....

C ./SK. 'MwENTER "6" TO WRITE SEDEIG. a..
*' ./5K. 'aa" ENTER "?" TO EXIT ELSPACE. ....

" ./5x. '"e ENTER "0" TO EXIT ELSPACE AND WRITE XSLON. .".

READ(I .S IADS

IF(IADS.EO.7IGOTO 9000

IF(IADS.EO.6IGOTO S0

IF(IADS.EO.4)GOTO 424

IFCIAS.EO.I)GOTO SS

IF(IADS.EQ.SOOTO 05

IF(IADS.EQ.2)GOTO 64

* (IFIADS.EO.O)GOTD S21

CALL FRTCS( 'CLRSCRN '

C-----------REINIT RESIDUALS------------------------------------------

DO 87 II * I.IROwS

REINFR(II) * 0.

REINFL(II 0.

a,.. RESAIIIII * 0.

AESLICII *) 0.

RESR2(II ) 0.

RESL.2(CU * 0.

RESLS(III * CMPLX(O..0.)
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RESII) * OLX(0..0.)

*ES(tt) *WXC..

67 RESL(ZI) * C0LXC0..O.)

C QUR USER FOR EtWENALUE SH4IFT IWPO

77 WRIT9(6.731

73 FORMKATCISX.'*SUU ENTER IUdO VECTOR NO. YOU DESIRE TO SHIFT 'u*I

Ix .*~ ENTER "O TO QUIT. .1

READCE.2)ZCHG
CALL SROOTMEIC)40).SCHO. 0125)

73 hIT(6.74)tCN0.SC40
14 FORPIATC/SX.' * * ENTER NEW S-PLANE vALUE OF VECTOR ' .12.'**CU

sx. * CURRENT VALUE .*.EJ-_5,IX.EI2.S,/.

S X. *REAL !,ART ?. /?

READ(-.7S)RZ

WRITE (6 *7,)

79 FORMAY (/SX I' IMAG PART I*,/)

is FORMAT(F12.I)

READ(m.7)CZ

CALL FRTCNS * CLRSCRN

24 . CWqLXZRZ.CZ)

E~CI24) *CEXCZA4.0125)

EDCICHO) *EZICHO)

00 76 11 *1.ZIROWS

IPCISTATE(ZI).NEaICNG)OOTO 16

ESLOW(II - ECICiO)

INUI.LC - It

0070 26

76 CONTINUE

ZNULLC * 11

-. GOTO 26

C

as ..RITEC6. LOS)

JOS FORMAT(/SX."** ENTER SLOW INDEX OF THE RtESIDJAL FOR ADS03 */

;REAOZ* .8S)10(1)

85 PORMAT(123

CALL FRTCMSCICLRSCRN 1)

GaTO 2.41

U' CALL PRTCMSC'CLASCAN '

ZFCZNMA.L.Ne.0)0O086

REAOC7,Z)INULL

REAO(7.4)((UNULL(1.JJ.KK).IK.1.SSI.JJ.1.45I

REA(73)((LUULL(.JJ.K.K1.5I.Jj.1.S7I

86 10(l) ZN4.L

FOR ADS -- ------ -- -----------------------

"41 IR - 10(1)

AL *RESLI ZR)

RR RESR(IR)

AOR *CA3S(RR)

ABL. CASZRL)

C ZF(AU.GT.ABK100TO III

C OJ -ABL

C GOTO 112

III OWJ - AOL

112 ZF(110.EQ.l)OTO 121

ISTRAT - 0

IOPT 3

ZONED *2
IF(IADS.EQ.1)OTO 90

0070 91

to 90 NOM INVOISs
9) NCCN *0

NOT - 0

IGRAD * 0
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MCCm.* 222

C

C_- w

tFc IADS.EO4)O1OTO i1,

CA.LL SAOOT(Z3.ZZ:.rSTZPl

XXI REALM(2)

XX2 AIMAO(Z~j
MktTtc6.9S I R.-SLOWCXI .122 ESTATE( R)

95 90RMAT(/SX ...... AOS 1S BEING ENTERED FOR, MIOWc .,:., .. '.-.

*~*ENTER Z-PLANE SOUND$ FOR TMIS EIGEm- *..Ix

'0*VALUE~ IN F20.13 FORMAT. .w
* ~~... UNDAMAGED EIOENVECTORt NO. 1.12, ** /

720 PORMATISK. -.. * ENTER VALUE OF ALPHA FOR 084 .... /I1
RtEAD(N *117)1ALPHA

OOTO 92

114 CALL SlROOT(ZS.Z2.TSTEP1

WRITECA.1GIR.ESLOWCIR).22.ISTATE(IRI
110 FORMATI/SX.I*V** ADS IS BEING ENTERED FOR ESLOWCe * 12. .. ... /5K.

- *. E1SI.ECs J ...... /5K.
s ...* ENTER WO NW OH THIS SLOW VFT EVECTORt .... /x

.6. IN P20.t5 FORMAT. ...... ./5K
5 UNDAMAGED EIGENVECTORt No. .1.

92 WRITE(4.115I

115 FORMATV/SX., ... vREAL TOLERANCE . ** /
* READ(..I17IBR
* wRZtylA.116)

116 FORMATC/SX. ****- IMAG TOLERANCE . ... /

it? FORMATCF20.13)

C WRIME1.l1gI
ClI PFORMAT(/%X'5K . 114 ETER WEIOMiTINO FACTOR .....
C REA0I..1173WEIGNT

CALL FRTCMS('CLRSCRN 'I
C BUILD DESIGN VARIABLE VECTOR AND UPPERILOWER BOUND VECTOR

IPCIADS.EQ.1)OOTO 239
VURIII - WEC) *BR
VLB(12 - XKCII O R

VUUI2) - MMI2I * 1
VLS3.2) - KMC2I BE3

IF(XXC2I.HE.0. IOTO 1-4

IIMAG - 1
94 DF~l) - 0.

DFI2I - 0.
CALL FRTCMSUCLRSCRN

95 ZS RESLCIRI
C----PRE 24 OCT 08-----
C 03J . CA$SIZI)
C---.2* OCT NEW 034
C ZSA . CSORT(23)
C 034 . CABSCZ5I
C 034 *RESLIRIt

034 - RESL2II1 - ALPHA
C 034 * REINFLCIRI

IPRINT * 0
C C-- -NOR OF LEFT RESIDUAL DIFFERENCES..-----------------
C DO 700 It - 1.37
C700 DIFFIII) * EILDAM(It.IRI) - ELUNIDCII.IR)
C 0214.0.

C DO 710 It - 1.37
VC71 034i * 04 * DIFFCIt)*COm4GCDIFFCIII
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F -p ~%-rpW% i
c 0111 - ICOS.J2 - ALPHA

c - - INFINITY NOR" OF LVIT RCS ZOIAL DIPP ANCES---

o W * 0.

C 00 713 11 . 1.37

C CIP . CAft(DIPCII))

C 1P(0TfS?.GT.O1IW)OOTO 715

C On3 . oII

*C71S CONIWUC

CALL AOSCtIP0.ZSTRA?,loT.o~eD.pRiN.OAO.CVNCNMXVLD.VU8.
JBJ.G.lOO.t4T.C.F.A.NRA.mCLA.K,O00O.?WK.,.O03

:Fl1IMAG.HC. 001T0 94

K *2 0.

97 P099*11 IX. ITER O.1. XX(I) XXDl.. 11(2) * .E15.6

*., Oa.J .1412.A)
I1119 * I TV% - I

ICHO - ISTATE(IN1

Z4 *CMPLX(XX(1).1X12))

C E(10140) *CEIXP(24*.012S)

WONG14) - Z4

ESLOWIR) *E(ICXOI

E0(1046) E (I040)

ZILLC . IN

IP(IHFO.EQ.O)O0T0 6-

IPCZTER.GT.20)GOTO 98

* IF(03J.LT.l.E-01lOT0 90

Do 94 1 * .IROWS

RESRSCI) *CJPLX(0..O.)

RFSLSCI) *CMPLX (0-.0.)

RCSAICI) *0.

RESLICZ) *0.

1S42 (I ) *0.

RES1L2(l) 0.

PEztPRc!) *0.

RENL * 0.
R" 9(1) - M* (O,.

94 R151.1) - CMPLX(.,..

9e IADs -0
lot - 0

1040 - 0
ITIR . 0

twPo - 0
1:04AO 0

219 JJ1 1

KK - 10(t)

Do 120 LL * 2.6
MX - R1AL(XSLOWd(LL.SCX))

CX . IKAO(XSLOW(LL.KC))

TR - RMLCT.W(LL.XKKf

'C - IRAG(TSLO(LL.KKfl

121 XXCJJI . To

XX(JJ.1) . TO
C -------- CUNTLY 1990 PART OF THE VECTON ARE NOT? AND FOR--

C RECX2S CASE 2S%( ASYMMETRIC DAMAGE CADEI40
T 

POO SYMM

C 27 ARBITRARY ELEMEN4TS FOR RECR2S USE MM *1.36 FOR SYMMETRIC CASE

A 00 126 4 . 1.37

12 IFCIAX3(MM).EO.LL)G0TO 127

*~VU(JJf - XX(JJI - so
A..(JJ) . XX(J.J) IN3

127 VU11(.jJ) - XX(J.12 - so

VLB(JJ) X X(JJ) - S

210

4up
UL 2



V~uBj~jl * 0.0

VLUCJJ-j) a 0.0

26' 00 23? "m . 1.37

237 1F1tA331w4).so.LL;boyo 233
VUUC44.1) * XXCi..) . 31
VLUCJ.J.1) . XC44*1) - 31

'93 VU3(J~J-t) * KKCJJ.1) - at

VLSCJJ-jl XXf(44.I1 - 3t

236j~l OPJ.*0

----- ZRO Zzt OUT ELEMENTS WHICH ARE < -*-----
C -N NOT t9021NZIO OUT FOR RECR2B CASE

*C qTEST - a* xi)

C CTEST - ABSCXx(j4.111

C 1FCRTEST.E.o.,)OO 110
C IF(RTEST.OT..E-o.,ooro 130
C XX(J.J I i.E-I.
C VUUCJJ) *1.E-I6

C VL31441 -L.05-Il
ClSO IF(CTEST.E0.oQczoTo 165
C IF(CTEST.T.i.E-Os)OCrO 26
C xx(44I.i 1 .E-16

C VUBJ3Jj-1i * ICOE-it
C VLIC.J4'I) - -L.35!-L6

120 CONTINUE
1211 ZAL.L ASCINPC.IST R*TIOP.,OEP~oIIoTzpAzN. ON.NOXX.V fbVt

I OS..bO.NT.C.ZP..RA.tCOA. WA.laboo LWK.I001
ITEN* ITEM * I

C EVALUATE 0341CntVt FUNCTION

:catjo * o

KK . 10(1)

00 24S LL - 1lOB

!P(IMAOCESLO(KII.EOOOIQQ0TO -,46
.4 271 ICGO * I

246 1OLOW(LL.,CK) *CPLCXX(4).Xxcjj.IyI

25 CONTINUE

RLREAL *0.

*L CMPLXIO..0.)

RESLIHIR * 0.0
RfELZCR * 0.0

290 WVL(II1 .
T

SLCW(I.:Rj
DO 291 j . I.NI-IRANCT

00 291 KM - I.NI
291 WtL(44.KKI - LH&LLftk.j4,KK)

CALL MTLNLWt,.Ij4TMl-OJ
LTEST . 0.

DO 292 44 I 1NI-IRAMCT
C292 RLREAL * RAEAL *CA3SCLO3JCj4II

C------PLAN £ 034. SUN OF RL'S-----

RI. - S. - L034144)
C ---- SI9E TEST 034 I NOM---

RESLILIRR RESLI(IRI CA3SILOSJCJjl

RESt.ZUR) * MStZLm * L034144)WCONG(L03J())
P .C-----*SYw CAS4E TEST ala . !SFINITY NORMO---

IFiLet * CASL3.jIj)$ ZIP(LESI.OT.RIIUL)OOTO 292
* REIIEL(ZR) - 5)1St.

ES2R *SORTC5EtSL:(IRI)
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C - LAN IOU0 --

C292 RI. - S.. - LOSAM-2NN

IP(IADS.NE.2300T0 294

RLD - CASIL)

AL. - CMPLXC0..O.)

0O02934 JJ 1.37

D0 .193 KK - 1.NI

293 IqLC44.KK - LUMULLtI.44.CK)

CALL CNATIR..NL.IVL.7.NI.1.L03J1

ZS RL -* - CfJ.

QLtJ - CABSSIL)
,FPLU.0T.LD)GO?0 298

034 - RLD - 4EIG4TNRL.U
GOTO 296

2"8 08.1 - ALU - WEIOKT-RL0

GOTO 296
C294 034 N RLAI.L

C----PLAN 3 034------

C296 084 - CABS(RL)
C ---- -- LAN 1 0 4- ------

C 
9

4 OBJC - CSCRT(RLI

C 034 - CA8SCOB4C)

C------- INF-NORM OBJECTIVE F0R ASYM14ETRIC CASE 11/386 --

C 034 - REflI.1!(R)

C------ -2-NRM OJECTIVE FUNCTION /S3-------

.?4 084 - RESLU(R)

- ORIENTATION OBJECTIVE FUJNCTION 11/6/6---

iN *D 0 00 JJ - 1.55

800 DT144) -T0E5144.IR) T SLOW144.:R)

N' OTMOROCIR) N*0.

810 OTMORMIiR . OrNORMCIR) - OTCjjINC0Nj010T141))

DTNORMCIIO - SQRT(DTNOMMCIR))

c 034 - OTNORMCIRI - RESLZ(IRI

196 IFIITER.OT.2000)GOTO 2S?
all. 1F(IWU0.1!.Ol00T0 251

OO0TO 121

257 IPCICON.JO.EQO)GOTO 249

KK . 10(l)

D0 308 LL. * .55
SOS ?SLOWdCLL.KK.1) COMUO(TSLOWC.L.I(K)

C

C -------- REBILD K.TLW.SL 0------------------------

C

DO 302 LL N I1.ROWS

N' IF(ISTATE(LL).E.KK)OTO £01

302 CONTINUE

DO 303 44 - 1.85

XS(JJ.I(K) . TJ.KK)
SOS XTCJ4.KK) . XS(JJ4,K)

Coro Soo

301 00 304 44 - 1.SS

XSC4J.KK) - TSLON~(44..LL3

304 X1'(JJ.IK . XS(4J.I(K)

300 C0NT INULE

CALL LEOTICCX$.S..5.UNITYC.SS.SS.0.WA.IER)

00 247 KK - 1.S5

00 .147 L.L N 1.55

T(KK.I.L) N XT(KI(.LL)

* 80D(LL.I(K) - W4ITYC(KK.LI.)

247 KCI.L.KK) . UNITYC(KK.I.L)

00 255 44 - 1.1901.1

L.L . ISTATE(JJ)
255 XSI.OWCKKJ4) N KkK.LL)
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D0 210 KK * .1

* DO 210 LI. - 1.11
2 W0UNSVC(KK.LL) . CO9LXCO.C0.0)o

DO 212 XX - 1.11
212 Ut4?tV(KK.KK) * OOLX(I.0.0.0)

DO 471 1 *I.1ROWi
-'RESal 11) *0.

aRlsu..(1) *0.

0E302(t) *0.

AEsL:CI 1) 0.
R *ERC I ) CFLX C 0. ,0.)

47S RISa.C1 - CM)LXIO..0.)

GOTO 'Do
400 CALL FRTCMSC'CLRSCRN

C

C -------DISPLAY OBJECTIVE 'UNCTON4 ------- -------------

C

410--~~~CD FOO AEENTER.. ADS. OMPLTE ......FO ELSPAERETYR
COBJRCTIVE FUNCTION .ECONF -ENTRY.

C

WR ITE(G.*470)
470 PORMAT/SX ..... ENTER "I TO REENTER ADS *.,N

-.0. ENTER " TO WRITE ADSOATA ..... ./SX.
'*...* ENTER "I TO WRITE I(SLOW ... 0 ./1x,

* ~~~*-00 ENTER "4' TO WRITE SEGE10 *m .1(
* -0-* ENTER '0" TO WRITE OPTEto *# 1

REA0C-.)IEE*
CALL PrRTCMS('CLRSCRN 'I
IF(IEEN.10.0IOOTO 4

IF(IEEN.EQ.2 IOOTO S14

IPCIEEN.EO0.3IGOTO 121j
IF(EEN.90.4)GOTO 30

000 I .2

RESR I (I) 0
RESLI(I) *0

RESR2CI) *0

RESL2(I) *0

REINFURII, 0.
REINPLCII a .

RESR(I - CMPLX(O..C.,
100 RESL(I - CMPLX(0.,0.)

I TER . 0

C

C ------------- WRITE FILE 08 OFTEIG FOR USE By RECOW ----------
C

---- INSERT ACT- SENSOR U*ND ELEMENTS.----
C ------ VLUE INTO SLO0W EIGENVECTORS....EO/LAT ELE 9-1 ----------- --
C424 00 442 I S .43
C424 DO 462 1 * .43
C DO 462 1 sa5.11

C IFIJ.NE.41 10070 47
C tF(J.ME .42 10070 467
C IFCJ.IE.41 1000 447
C IF(J.IC.12100T0 447

c IFCI.NE.9I0OTO 447
C tPCI.WE.ID)DOTO 447
C IF(II.E.II)00T0 4647
C IF(II.E.12)00T0 447
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C IP(I.E.I)GOTO 467

C tP(I.E.I&GOTO 467

C IPCI.IE.IS)OOTO 467

C IP(I.NE.16100T0 467

C GOTO 462
C xDI.j1 - XSAVI..J)

C462 CONTINUE
C----- INSERT UNO LAT ELEMENTS INTO SLOW LONG EIGENVECTORS ---------

C DO0464 1 -. 8

C X0(1.38) - XSAV!CI.S8I

C XDCI.39I - XSAVECI.39)

1 X(.43) XSAVEII.'3)

-64 (0(1.461 XSAVECI.461

C--- INSERT UNO LON ELEMENTS INTO SLOW LAT EIEVCOS------

ImC 00 466 1 1.'
C ((0(1.411 XSAVE(I.41)

C X ( 1.41. ) XSAVE(l.42)

C X(01.451 XSAVE(I.451
C66 XDI.SI * XSAVI.SII

C -RECONSTRUCT FAST EIOENSPACE PRO14 UNDAMAGED EIGEMSPACE- RECR25--

C -FOR RECR25 7.8.17.18,23.24 ARE ALSO SLOW STATES-
C424 00 463 1 . 9.43

C DO 463 J. 1.57

4'C IF(.J.EQ.7]G0?O 463

C IF(J.EQ.S100T0 463

c IF(j.z0.I)OOTO 463

C IF(i.EO.18)OOTO 463

C lF(J.EQ.^S10OTO 463

c F(J.EO.2eIGOTO 463

C XO(I.Jl . XSAVE1I.J)

C463 CONTINUE

C - ---- INSERT PAST ELEMENTS OF CONTROL LAW FILTERS ------

C 00 465J . I.S7
C X)(&fS.J) - XSAVIE(45..jI

C465 XD(47.JI - XSAVE(47.Ji

424 00 900 1 - 1.55

XDCI.J 9 00 .j - 1.18

900 *D(.J Xn(1.J*371

00 910 I - 1.55

00 910 j - 19.s5

f10 XDR(I..J) - ND(I-.J-18)

DO0 1~ I 1.18

920 EORdI) *ED(II57)

DO 925 1 - 19.55

9J '1 DLRII) E L(l-1S)

00 930 1 - 1.55

9S0 Loll) *EDRIII

DO ISS I : 1.5S

DO 93S j Ss.5

91s XD(I.JI - XDRII.JI

C ---------------RE14SET FAST EIOENSPACE------------------

C 00 936 1 * 4.45

C 00 9S6 .j 14.55

C X0(1.J1 * )SAVECI.J)

C936 CONTINUE

C ---------- -QUERY USER TO CHECK RECONSTRUCTED OPT SPACE POR RESIDUALS-

WRITE(6.410)

410 PORMAT/SX. ''ENTER "I' TO CALC RESIDS FOR RECONSTRUCTED SPACE-'.

/54. ''ELSE "0". * f
READ(-.8)IRECNK

IF(IRECHRCEQ.O)G0TO 468

00 410 1 - 1.55
00 410 j - 1.15

R DR . DREAL(XD(I.J))

DC . DIMAG(XD(1.J))

At - SNOLIDRI

C 'SNOLC)
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690 xs(t.Jl 0 cMPLXCR.C2
00 415 I - 1.5
00 45 .1 - .XN

KK - STA1E(JI

645 XSLOU(t.Jl - 2CSI.ICC)

D0 450 1 1 .24

RE561112 0.

RESL(12 0.

ftESR222 0.

RE2NFR(I2 0.

0122Vt222 * 0.

'50 2ESL(22 - :,Met X20. j

GOTO Pi.Q

460 WITE2SO.460'(2X022~j...j.I, .52.SSI55

.162TE2.'460)E02 12..1.SS2

'60 PORMAT2LOZO.132

GOTO 9000

C

C--- - --- WRITE FILE iPSSJSLOW P0* OCCOW -----------

521 IPAS . IPASS.ZCELW22Z..IOS

30TO 9000

C-------WPR2E PILE 29*35 LOSDAT FOR USE By ELSP -------

C

510 IPASS IP&SS*
WRTE(IPASS.22ROWS.IPASS

C--- -WITE FILES9,1000 11 39IJ2.. 00S. AA .---------------

C

* WRITE,'G.5SS1

535 FORIAT(ilX. -- O ENTER DESONM SEGMENT NUMBER .... I./?

fEA0I-.$22SEG

ISEG . ISEO - 0

WRITE(ISE.0222(SLO(.J2.J1.100N5,I.1.152

idRITE(ISEG.SICESLO(II1160142S

9000 STOP

- END

C
C SUBROUTINE CMATML. (COMLEX MATRIX2 MULTIPLICATION)

C COMPUTES, YY * AA * Be
*C I4.3 - ON 04IN AA

C LL & 8 OP ROWS IN 8B AND 8 OP COLUMINS IN AA

C It-s OF COLUMNS IN 8

SUBROUTINE CATI4JAA,33,2A.LL.21.YV)

CONPLEX-6AIS523(1,5.YS.5

INTEGER IA.LL.13
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DO $0 1 - .,IA

o 20 j - 1.13

Y(I.J) - C4PLXt0...

DO 10 INDEX - [.u.

*( I.J) * VY(.J) * AA(I.INDEX) 3 33(INDEX.J)

10 CONTINUE

:0 CONTINUE

so CONTINUE

P. ETURN

END

- UBAOUTE ROOT: ;ONVERTS Z- .ANE QOOTS

:,-'LANE ROOTS

cCDR V.P. 3AVI0 .'A.Y I486

SUBROUTINE SRAOO.Tf S.7T

IMPLICIT REAL-4(A-H.P-Z)

CC4PLEX8 :.S

AS - IMAO(Z)

AC - REAL(Z)

9 * (ATAN2(RS.RCI)/T

AZ - CA33C:I

a S -GG(RZ)/T

S CPLX(-A.8)

RETURN

END
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APPENDIX G

SAMPLE RECONFIGURATION RUN FOR F-18, CASE A DAMAGE

RECOMP

VS FORTRAN COMPILER ENTERED. 12:59:29

"-MAIN*" END OF COMPILATION I ......

""CATMt"- EIND OF COMPILATION 2 --v...

'"RAiKZD" END OF COMPILATION S ."..."0

w RNATD"w END OF COMPILATION 4 '..".

"USROOT'" END OF COMPILATION S ... 0-

VS FORTRAN COMPILER EXITED. 12:59i03

LOADING RECONF AND ORACL.A

EXECUTION BEGINS...

ENTER "I" TO WRITE UNDAMAGED EIGENSTRUCTURES

SYST. MATRICES. (READ "RECONF" DATA A:,

"UNDIEG". "UNDABC" .4 "CLM".

ENTER "2" TO READ UNDAMAGED EIGENSTRUCTURE AND
WRITE SLOW RT SUBPACE DATA FOR USE BY

"ERSPACE" (WRITE "ERSPACU" DATA Al)

ENTER "5" TO COMPUTE RECONFIGURED GAINS.

(WRITE "FRECON" DATA Al)

ENTER "4" TO CtMPVTE REC NFIG. ElGENSTRUCTURE

AND TIME RESPONSE (OPTMATD.OPTPLOT)

ENTER "S" TO COMPUTE 0 AND WRITE FILE 12

"FXACT' DATA.

* 2

m ENTER "I" TO MODIFY DESIRED EIGENSTRUCTURE ....

..w.. ELSE ENTER "0"."'"'

*'"" ENTER "I" TO DISPLAY DESIRED EIGENSTRCTURE.n."

wS ENTER "0" OTHERWISE. ..Nwo

0

0" CALLING LSVDF FOR B """

""U LSVDF OF "B" COMPLETE am."

-0"' RANK(B) 10 -"'

-0-- CALLING LSVDF FOR C ..w

"'U LSVDF OF "C" COMPLETE "a--

-"- RAI4KC) * It S.0%

SLOW STATE NO. I UND STATE NO. 38 S - -0.22794E-01 0.27016E"OIJ

S.0W STATE NO. 2 UND STATE NO. 39 S * -0.22794E"01 -0.27014E*01J

SLOW STATE NO. 3 UND STATE NO. 40 S * -0.38114E*01 0.00000E'00J

SLOW STATE NO. 4 UND STATE NO. 41 S - -0.1?0SE*0I 0.261S2E"OIJ

SLOW STATE NO. S UND STATE NO. 42 S * -0.1070.-E01 -0.2(15"EOIJ

217

• ,, ,,. .,, .. c,....,..,-.,-., ..-..-.. ,.... . ".,,,. .. '", .'.



SLOW STATE NO. . UN STAT! NO. 45 5 s -0.611469!00 6.000009*@0J

SLOW STATE NO. 7 UN STAT! MO. 44 6 * -@.l Sf!6OI 6.@OOOfOf@OJ

SLOW STATE NO. S UN0 STAT! NO. 45S 0 -0.29042F*01 .00OOE.@6J

SLOW STATE NO. 9 UO STATE No. 44 S * -0.1733K0-0 0*.000001-0J

SLOW STATE NO. 10 UND STATE NO. 47 3 * -a.:Gos6E*01 .00000!B04J

SLOW STATE NO. i UND STATE NO. A8S . -0.144534EO 0.1OOOOE00J

SLOW STATE NO. 12 LON0 STATE NO. 49 5 * 0.36383E-02 O.00OO00!OOJ

SLOW STATE NO. IS UN0 STATE 4C. SO S * -0.10000*0t 0OOOOOCEO0J

SLOW STATE NO. 14 UND STATE NO. SI S * 0.0000O!*00 0.0000OE00J

SLOW STATE NO. IS UND STATE NO. 52 5 * 0.291161-02 0.0000!.OOJ

SLOW STATE NO. 16 UND STATE NO. SI S 0.0O00O00O 0.0O.OOE*OOJ

SOLW STATE 4O. 17 JNO STATE NO. S4 S - -O.2OOCIE-01 0.3000DE*O0J

:LOW ZTATE 4O. S 'jNO STATE NO. 5S * 0 -. Z01E121 2.0000OEUJ

R; t~.91.S13:00.04

ERSPACE

VS FORTRAN COMPILER ENTERED. 13.02,32

*WMAIN'- END OF COMPILATION I ... '"'

*UCN ATNL"" END OF COMPILATION 2 *.,*e

'5SRO T. END OF COPILATION S 50-0--

VS FORTRAN COMPILER EXITED. 13:0213S

LOADING ERSPACE

EXECUTION BEGINS...

... INDICES OF SLOW EIGENVALUES ...

"So 39 40 61 42

43 44 4S 46 47

46 49 s0 S1 S.

53 54 5

• •• THE FOLLOWING VECTOR DISPLAYS THE NEARNESS OF *0

.... EACH SLOW EIGENVECTOR TO THE ALLOWABLE RIGHT *..

Ks HANO SLOW EIGENSPACE FOR TIE DAMAGED FI6 MODEL. •

0.24699S07960D-02

0.40919957201?60-02

0.2S4SAS3f427SD-02

0.'303:30:73:9D.-02

0.140I63027ID-02

4 0,19271423135630-02

0.2176407039S40D-02

0.404714746140-12

0.291361.269907D-05

0.7942649 ?g1S2D-04

0,7207041731954D-02

0.2654'3369fl3 ID-|l

0.250717S225$5D-12

0.000000000COOOD*00

004u ENTER "I" IF RESIDUAL IS UNSAT TO RENTER ADS ....

* W ELSE ENTER '0". .ar.

* WR MPITING ELSPACE DATA FILE 06 **aa
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I

ii Te*ZS,11119.92 ila@SuSZ

VS FORTRAN OMPILER ENTER[D. 15J04s19

"MPAIN' END OF OCILATION 1 aMa

40CMATLAu END OP COMPILATION - onamps

SSROOTh' END OF CO
M
IPLATION S .'..-s

VS FORTRAN COMPILER EXITED. 13:0':2S

LOADING ELSPACE ADS

EXECUTION SEGINS...

.s.. RANKIC..TI . Is ....

.5.. ENTER "I: IF PASS 'S POR U4AI4AL..SIS 65.5

4 fR~ENTER "0o ELSE. 04.0

5u55 ENTER "I" IF PI:RST PASS THRU ELSPACE w-n

'us. ENTER PASS NUMBER OTNERISE. ..

0N DAM-PT SLOW SUBSPACE RESIDUAL . 0.365A7E-01 ou'

.... DAN-Lr 3LOW 3UBSPACE RESIDUAL. * 0.1SIE*0S -000

U* 1 VECT SLOWS STATE ROT-DAM RESIDUALS LPT-DAM RESIDUALS

SI I 0.34926E-02 0.312SE-02 0.3546AE02 0.23675E*02
19 2 0.34926E-02 0.21825E-02 0.3$484E*02 0.2S67SE-02

40 £ 0.29547E-02 0.269SSE-02 0.31790E-02 0.26721E.02

41 4 O.455446-o2 q.:610E-0l O.tO*sZZ-02 0.63961E-02

4- S 0.45344E-02 0.36901E-02 0.9052-E-02 0.639A1E-02

63 6 0.11299E-02 0.17S4SE-02 0.1099'*02 0.7776,E-01

44 7 0.,179/E-02 0.19039E-02 0.66938E"0l 0.617435.01

4S 8 0.45476E-02 0.37847E-02 0.10488E*00 0.74161E-01

46 9 0.2923SE-03 0.26560E-0 0.150S7E*01 0.126006.01

67 10 0.687596-04 0.51844E-04 0._0671E-01 0.14616E-01

A8 11 0.14S876-02 0.13553E-02 0.11536E-01 0.8149SE-02

49 12 0.?2043E-02 0.65518E-02 0.4933SE.00 0.69318E.00

so 13 0.2857,"-11 0.20878E-11 0._7317E-01 0.19316E-01

Si 14 0.2S527E-12 0.174906-12 0.251S7E-01 0.2306E-01

S2 1s 0,47TSSE-03 0.6S448E-03 0.319SSE-1 0.362946E-0

55 16 0.8944SE-10 0.-80SE-I0 0.000O0E*0@ 0,000O0E.00

S4 17 0.4920SE-12 0.Z8527E-12 0.00000E*00 0.00000E'00

SS i 0.00000E00 0.O0OOOE*00 0.00000E*00 0.00000E*00

-.o ENTER "I" Foo MIN. OF LFT-DAm RESIDUALS ONLY on"

now. USINO AR VECTOR ELEMENTS AS VARIASLESO's'

se w ENTER "2' FOR LFT NULL SPACE tNTRSEC. AALY. -- *5

--no ENTER "5" TO SNIFT A DESIRED SLOW EIENVALUE t"U

.... ENTER "4" TO EXIT ELSPACE AND WRITE OPTEID "'50

s.n ENTER "S" POP MIN. OF LFT-DAN RESIDUALS ONLY v5..

.... USING EIOENVALUE AS VARIABLE. .s.s

... ENTER "6" TO WRITE SEGE . *.0a
s.u. ENTER "Y' TO EXIT ELSPACE. ....

... ENTER "0" TO EXIT ELSPACE AND WRITE XSLO. .*.

0e00 ENTER SLOW INDEX OP TMC RESIDUAL oPt ADS tos.

01
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*WON ADl S 1 P EIGNTERE FOR ESLOUC I' Rom

S.M. Z , 0.971361-00 0.$IISE-014 ME*$

m..m S --0.22790E*01 0.27016E.0lJ .m.'

Son ENTER SOUNDS ON THIS SLOW LPT EVECTOR Rm

Ro. IN F "0.IS FORMAT. some

S UNDAMAGED IOENVECTOR NO. 30,.,.

Room REAL TOLERANCE . -*a.

0.001

". 1MAO TOLERANCE .

0.001

Room Ill ADS COMPLETE Room

OMECTIVE FUNCTION . 0.6105SES01

2-NORM OF RESIDUAL - 0.61OSSE01

OT' 2-NORM OF 01FF . 0.27", E-02

ItO * 0 1MR. 535
DAM-T 0SJ * 0.00000900 UND-LT 03J * 0.00000f00

WEIGHT FACTOR - 0.100001-01

... a ENTER "I" TO REENTER ADS ...

Rwom ENTER "2" TO WRITE AOSDATA Ron*

*.. ENTER '*"TO WRITE XsLOI4 ....

Ro. ENTER "" TO WRITE 1EGEIG .".

RomN ENTER "0" TO WRITE OPTEIG ..

-*-i DAM-RT SLOW SUBSPACE RESIDUAL . 0.6264SE-01 40.0

0 DA4O-LT SLOW SUBSPACE RESIDUAL . 0.70SOE*02 %am.

UND EVECT SLOW STATE RGT-DAM RESIDUALS LFT-AH RESIDUALS

36 1 0.40492E-02 0.377091-02 0.6IISSE-0 0.d4S14E*01

39 2 0.4068$-02 0.37707[-02 0.61SS[*0I 0.66314E*01

40 3 0.32182E-02 0.2960.E-02 0.57790E*02 0.26721E*02

61 4 0.46096E-02 0.3738E-02 0.90522E-02 0.639 1E-02

62 S 0.4SMSE-02 0.37442E-02 0.90S2-E-02 0.63941E-02

45 6 0.2606ZE-02 0.22697E-02 0.10199E*02 0.77762E*01

'4 7 0.26422E-02 0."48191-02 0.68938E*01 0.48743E*01

45 8 0.420961-02 0.36473E-02 0.1048SEa00 0.76161E-01

66 9 0.722SE-0S 0.0S--E-C0 0.1SOSE*01 0.12600E-01

'67 10 0.11849E-03 0.943S6E-04 0.206711-01 0.14616E-01

48 11 0.1S197E-02 0.13792E-02 0.15361-01 0.01'9SE-02

49 12 0.91WE7-02 0.86926E-02 0.6933SE00 0.6931SE*00

s0 1 0.53325E-04 0.47374E-04 0.273171-01 0.193161-01

51 16 0.S7GS2E-S 0.3657SE-OS 0.231S7E-01 0.250S6E-01

52 1: 0.6-S40E-03 0.4219E6-03 0.519SSE-01 0.S629AE-01

S 16 0.9s229E-03 0.6754-0 0.OCOCOE*00 O.00000E*00

S4 17 0.2701SE-03 0.26s21r-03 9.00000E00 0.00000E00

SS 1 0.$4S82E-0S 0.343621-0S 0.00000E*00 0.00000.E00

000w ENTER "I" FOR MIN. OF LFT-DAM RESIDUALS ON.Y 00,l

OO.' USING ARB VECTOR ELEMENTS AS VARIABLESN.ow

S'S* ENTER "2" FOR LFT NULL SPACE INTRSEC. ANALY. a...

Room ENTER "S" TO SHIFT A DESIRED SLOW EIOENVALUE .n.*

0 ENTER "d" TO EXIT ELSPACE AND WRITE OPTEZO .11%

Rm ENTER "S" FOR MIN. OF LFT-DAN RESIDUALS ONLY Nvom

USING EIZENVALUE AS VARIABLE. No.

S'S. ENTER "4" TO WRITE SEfE10. N.ow

Room ENTER 07" TO EXIT ELSPACE. so..

men- ENTER '0" TO EXIT EISACE AND WRITE X(4.0W. move
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mean CEf SLO I .. OF THE RES'IWDUM. FOR ADS 'e.

0I

son ADS IS BE1NG ENTERED FOR ESLOWI S) .*o

mem. Z . §.953,7E*00 0.OOO0E"0OJ memo

mas. 5 * -0.ll189E01 0.00000E.004 g..

MUSE ENTER B0UN0 ON THIS SLOW LINT EVECTOR a..

*UU IN P20.15 FORMAT. .S'.

4*0 UNDAAGAE EGENVECTOR NO. 40.'..

. REAL. TOLERANCE . mem

0.001

u"IMAC TOLERANCE . an*E

0.001

.... ADS COMPLETE E*'

0BJECTIVE FUNCTION * 0.8609GE.01

2-WORM OF RESIDUAL * 0.86096E*01

OT 2-NORM OF 01FF * 0.26879E-02

INFo * 0 ITER * S3t

DAM-LT OBJ . G.OOOOOE*00 UND-LT 084 * 0.OOOOOE00
WEIGHT FACTOR 2 0.10000-01

men ENTER "I" TO REENTER ADS mass

ma.s ENTER ",I" TO WRITE ACSOATA aE'n

seM NTErR :3: TO WRlTE XSLOW n.*

Eu.w ENTER " T" 1"0 WrlT SEGEIG mum

was* ENTER "0" TO WRITE OPTEIG semo

*. s.omom DAN-RT SLOW SU8SPACE RESIDUAL . 0.45721E-01 .o..

,Eu0 DAM-LT SLOW SUBSPACE RESIDUAL . 0.4150E"02 ".**

UND EVECT SLOW STATE ROT-DAM RESIDUALS LFT-DAM RESIDUALS

so I 0.41267E-02 0.5826E-02 0.6IISSE*01 0.46814E.01

19 2 0.41S8SE-02 0.38747E-02 0.618SS6-01 0.468L40-01

40 3 0.31ZOOE-02 0.28791E-02 0.86096E*01 e.S4260E*01

41 4 0.4S921E-02 0.71393E-02 0.10622E-02 0.63941E-02

42 S 0.46400E-02 0.37442E-02 0.9062 -02 0.63941E-02

4S 6 0.ZS4E-02 0.2418GE-02 0.10999E-02 0.77742E-01
44 7 0.27548E-02 0.26023E-02 0.48938E*01 0.48743SE01

4S 0 0.42097E-02 0.36473E-02 0.10488E00 0.74161E-01

44 9 0.39082E-03 0.37986E-01 0.15S0TE01 0.12600*E01

47 10 0.I1&66E-03 0.99?20E-04 0.20671E-01 0.14616E-01
do 11 0.15328E-02 0.13802E-02 0.11536E-01 0.81495E-02

49 12 0.98442E-02 0.937741-02 0.6953SE*00 0.69313E*00
so is 0.S27S1E-04 0.47870E-04 0.27517E-01 0.19316E-01

S1 14 0.34?19 -0S 0.S3ISE-0S 0.2S15E-0t 0.235S4E-01
52 is 0.4262SE-03 0.42294E-03 0.619SSE-01 0.36294E-01

53 16 0.9230SE-0S 0.6679?E-03 0.00000E00 0.OOOOOE-00
S4 1? 0.R2.0SE-0S 0.24049F0 0.00000E*00 0.000006E00

55 18 0.31flSE-0S 0.31772E-0s 0.0000E*00 0.OOOOOE00

News ENTER "I" FOR KIN. OP LFT-DAN RESIDUALS ONLY OnS"

s'n. USING ARt VECTOR ELEMENTS AS VARIABLES-0-'

*"* ENTER "2" FOR LFT UILL SPACE INTRSEC. ANALY. 0"ME
aEon ENTER "3- TO SHIFT A DESIRED SLOW EIoNVALUE me"o
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muvs DIM "4" TO EXIT ILSPACE AM WRITE OPTEIG mass

ms ENTER "S" FOR HIN. OP LFT-DAM RESIDUALS ONLY esme

n USING EIOENVALUI AS VARIABLE. NO..

05 DETER "6- TO WRITE A80910. on**

Nu ENTER "?" TO EXIT ELSPACE. mSss

m ENTER "0" TO EXIT ELSPACE AND WITE XSL.OM. ,0.,

**-as ENTER .0W INDEX OP THE RESIDUAL. FOR ADS ONss

06

...." AS 40 BEING ENTERED FOR E-LO( 0) ....

Z - 0.99363E00 3.00000E00J ....

S - -0.5I12SEo00 0.00000E*00J ..

mm's ENTER 30OUNDS ON THIS SLOW L.FT EVECTOR ...

*--a IN F20.13 FORMAT. ..s.

m- U4NDAqAGED EIENVECTOR NO. 43sam

mn" REAL TOLERANCE - --NO

0.001

55m IMAG TOLERANCE - -u0

0.001

.... ADS CONFI.ETE mm
OBJECTIVE FUNCTION - 0.9729E-01

2-NORM OP RESIDUAL. - 0.96729E-01

OT 2-NORM OP 01FF - 0.18694E-02

IWO - 0 ITER - 374

DAM LT OLJ . 0.00000E*00 UND-LT OBJ * 0.00000E.O0

WEIGHT FACTOR - 0.10000E-01

Emus ENTER "I" TO REENTER AD S muu

ENTER "2" TO WRITE ADS ATA
*pop ENTER "$" TO WRITE XSLOW -m..

m ENTER :4: TO WRITE SEE:O m s

'5" ENTER "0" TO WRITE OPTEIG sums

mi0us DAM-lRT SLOW SUBSPACE RESIDUAL - 0.4368SE-01 mu.

.. 0 DAM-LT S.OW SUBSPACE REIDUAL - 0.40'04E*02 *---

UN94 EVECT SLOW STATE ROT-DAN RESIDUALS LFT-DAM RESIDUALS

so 1 0.412$SE-02 0.3864Se-02 0.61OSE.01 0.46014E-01

39 2 0.41369E-02 0.387I7E-02 0.61SSSE.01 0.460141-01

40 $ 0.SISO2E-02 0.:1795E-02 0.*4096E*01 0.S40tE*OI

41 4 0.4S9Z^Se-02 0.3739SE-02 0.9022E-02 0.6S941E-02

42 S 0.4660iE-02 0.3744Ee-02 0.90622E-02 0.61941E-02

43 6 0.-214079-02 0.2419E-02 0. 9729E*01 0.69'82E*01

44 7 0.2754S-02 0.26020E-02 0,6i9.8E01 0.41743E*01

4S 9 0.41914E-02 0.332tLE-02 0. 10480E00 0.74611E-01

46 9 0.91e-03 0. STSie[-O$ O.ISOS7E0 0.12600e*01

47 10 0.1164e-01 0.097691-04 0.206711-01 0.14616E-01

do it 0.1S327E-02 0.13811E-02 0.IISSE-01 0.6149SE-02

49 12 0.99I4SE-02 0.93766E-02 0.6933SE.00 0.69319E.00

s0 1 0.3270E-04 0.47872 E-04 0.273171-01 0.19314E-01

61 14 0.31469E-0S 0.34311E-0S 0.23157E-01 0.23o0s4e-0

12 Is 0.42S$ L6-OS 0.42190E-03 0.SIgSSE-01 0.$2946E-01

S$ 16 0.90i16[05 0.64633E-0S 0.00000El00 0.00000e[00

S4 17 0.2-20-E-0$ 0.26049e-03 0.00000E*00 0.00000f-00
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53 1i 0.164E-0S I.|177hE-0 0.00000E00 0.00000E*0

nae E "1" F IN. OF LPCT-AN RESIDUALS OILY Maee

mass USING AMB VECTOR ELEMENTS AS VARIABLES,4
eo% ENM 2".' FOR 17 NL.L SPAME INTRUZ. ANALY. tees

eo* ENTER "S" TO SHIFT A DESIRED SLOW EIO VAL .e.ne

en. ENTER ".4 TO EXIT ELSPACE AND wtre oprTEI *....

flee ENTER "S" FOR MIN. OF LPT-0AN RESIDUALS ONLY ....

eel. USING EIOENVALUE AS VARIABLE. eo.

*00- E4TER "I" TO WRITE SE0D1 . .ee.
.... ENTER "7" T0 EXIT ELSPACE...

see. ENTER "0" TO EXIT ILSPACE AND WRITE XSLOW. ....

--s- ENTER SLOW INDEX OF ThE RESIDUAL FOR ADS ...e

06

Nee- ADS IS BEING ENTERED FOR ESLOWN 6) *ee

eeeg z e 0.99S6S*00 0.00000E00J eee
ee3e 5 e -0.S11-E-0 0.00000-E00J esee
enee ENTER SOUNDS ON THIS SLOW LPT EVECTOR -ee

e IN F20.13 FORMAT. .ee.

te UNDAMAGED EZGENVECTOR NO. 43..ea

sees REAL TOLERANCE e .. No

0.001

.we. IMAG TOLERANCE e wee

0.001

"cee ADS COMP LETE e..

OBJECTIVE FUNCTION e 0.865611E01

Z-NORM OF RESIDUAL - 0.86S6BE"01

OT -NORM OF 1FF . 0.SBlZ4E.02

twO e 0 ITER e $73

ZAN-LT OBJ . 0.00000E*00 UND-LT Olj - 0.00000E00

WEIGHT FACTOR e 0.10000-01

eee ENTER "I'" TO REENTER ADS ..ee

..ee ENTER -" TO WRITE AOSOATA es

.e.. ENTER "3" TO WRITE XSL2(t0 ....

.... ENTER "4" 1O SRITE SOlIG ....

*.e ENTER "0" to WRITE OP'EIO sews

eane DAN-RT SLOW SUBSPACE RESIDUAL e 0.45720-E01 ee
e DAn4-LT SLOW SUSPACE RESIDUAL " 0. 1WBE*02 ov.

UN0 EVECT SLOW STATE ROT-DAN RESIDUALS LFT-DAM RESIDUALS

so 1 0.41294E-02 0.166SE-02 0.IIUSSE*01 0.46S14E0I

39 2 0.41349E-0. 0.B70IE-02 0.615s5E"01 0.46614E.01

40 3 0.31.02E-02 0.:B794E-02 o.96091tE0i 0.S42EC.01
41 4 0.A600E-02 0.ITS40E-02 0.t0S,2E-02 0.6S94IE-0Z

42 S 0.46599E-02 0.1744SE-02 0.90Sf22E02 0.65941e-02

41 4 0.UAS2E-02 0.21841-02 0.86$6$E"01 0.S93SE*01
44 7 0.2764IE-l 0.6016-02 0.6B9S8E*01 0.6874SE"01
AS 0 0.4191E"02 0.14321E-02 0.106S[*00 0.74161E-01

46 9 0.314E03 0.5797SE-0S 0.ISOS71*01 0.12400E"01

47 10 0.116SE-0 0.BR779E-04 0.20671[-01 0.1616E-0I

4S I1 0.1S526E-02 0.1111-02 0.11B36E-01 0.S149SE-02
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49 12 0.9194191-02 0.937301-02 0.6935E00 0.6931S1.00
39 13 0.$27701-04 0.478721-04 0.273171-01 0.19516E-01
31 14 0.3I251-0S 0.161421-0s 0.2SIS7E-01 0.230S41-01
12 II 0.42s321-03 0.421991-o3 0.S19331-01 0.$62941-01
13 1 0.959212-03 0.6792910s 0.000001.00 0.00000E*00
:' 17 0.26201:-03 0.2604E6-0S 0.00000E*00 0.00000E00

S1 19 0.$31 100 0. 768E-0S 0.000001.00 0.00000E0

%.. ENTER "I, O MIN. OP LPT-DAM RESIDUALS ONLY ...m
... USNG A8 VECTOR ELEMENTS AS VARIARLES...
4-90 ENTER "Z" " LFT NUA. SPACE INTRSEC. ANALY. *n
.... ENTER 13" TO SHIPT A DESIRED SLOW EIGENVALUE .. f
'-ew ENTER "c" '0 EXIT ELSPACE 4NO WRITE PEIG

.... PNTER *IS" 90N MIN. OF ..T-CAM RESIDUALS ON..Y ..

.... USING EIGENVALUE AS VARIA8LE. .e..

E ENTER "6" TO WRITE E0EIO.

ENTER "7" TO EXIT ELSPACE. 4 ..

so ENTER "0" TO EXIT ELSPACE &ND WRITE x.SLW. *.m.

*.o ENTER SLOW INDEX OF ?E RESIDUAL P0 AIDS ..

09

NO"* ADS IS BEING ENTERED FOR ESLOW( down
0 O.9997SE.00 0.00000E*00

S * -0.176021-01 0.00000E*00J

. ENTER BOUNDS ON THIS SLOW L.FT EVECTOR ....
.... IN F-0.13 FORMAT. ....

-On- UNDAMAGED EIGENVECTOR NO. 46.0..

RU00 REAL TO.ERANCE . Ua.

0.001

d.. MAG TOLERANCE . *A

0.001

go.. ADS COMPLETE u..

OBJECTIVE FUNCTION - C.13SOSE01

2-NORM OF RESIDUAL - 0.13S0SE-01

OT 2-NORM OF IFF * 0.Z8475E-0,

INmPO : 0 ITER 2 472
DAM,-LT 03 * 0.00O00E*00 UND-LT OBJ * 0.00000E*00
WEIGT FACTOR . 0.0000-E01

-En ENTER 'I" TO REENTER ADS ...

0mU ENTER "2" TO WRITE ADSDATA -uno

.... ENTER "$" TO WRITE KSLOW ....

0 .. ENTER "4" TO WRITE SG(11 ....

.... ENTER "C" TO WRITE OPTEIG .U.

U..DAM'-RT SLOW SUBSPACE RESIDUAL * 0.45731E-01 *ser

... DAM-LT SLOW SUISPACE RESIDUAL * 0.SIO$SE"02 ...

UND EVICT SLOW STATE NOT-DAM RESIDUALS LFT-DAM RESIDUALS

s9 I 0.412921-02 0.3661E-02 0.10SSE.01 0.446814t01
39 2 0.4146RE-02 0.30702E-02 0.614S51.01 0.46814&E01

40 S 0.$13021-02 0.28796E-02 0.860964101 0.S3460E.01
41 4 0.460401-02 0.37S401-02 0.90S229-02 0.65441E-02
42 S 0.467201-02 0.37S941-02 0.905229-02 0.63941E-02
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lrV-%rJm41n J7,~m .. - - _T- v r .. --

4114 6 0.s" 1-02 @.24113E"@2 @S50 0. 59255l AME"0I
44 7 0.275401-02 0.260151-02 0.0911E"01 C.41745E.0I

50 10 0.S27?IE-cA 0.497SE-0 0.27517E"0I 0.1461AE"0I

52 15 0.155E-02 0.19IE-0S 0.S369S-01 0.0!494E-0l

59 16 0.9"1390-02 0..7627E-0S 0.OOO35E"Q0 0.QSIOE*00

52 is 0442SV0 3 21"-OS a.:Io'sE-o 0~aoso .!ooooE-01

55 t 0-1161E-0% O.St766E-I5 0.OOOODE-(iV 1.00000E130

.... ENTER 'OQ 
0
fl9 -MI F S'ANRESIDUALS ONLY ..."

""t JSINO ARB JECTOR ELEMENTS AS VARIABLE...

*uuENTER *-." 'OR uFT NULL SPACE INTRSEC. ANALY . ...

unENTER "S" TO SHIFT A DESIRED SLOW4 EZOENV&LJ..
onu** ENTER "4" TQ EXIT ELSFACE AND WRITE OPTEIG n...

.... ENTER 5S FOR .4IN. OF' JT-DAN RESIDUALS ONLY ....

... USING EIGENVALUE A5 VARIABLE, ...

Ml*ETER "6" TO WRITE SEGEIG. ..

gnu NTER "7" TO EXIT ELSPACE. ..

0*... ENTER "0" TO EXIT ELSPACE AND WRITE XSLO. ....

*ENTER "',' TO CALC RESIDS FOR RECONSTRUCTED SPACE-
* "ELSE "0".

'"sDM4-AT SLOW SUBSPACE RESIDUAL - 0.43751E-Ol ...

nsDA4-L T SLOW SUBSPACE RESIDUAL * O.91277E"02 ...u

tUG EVECT SLOW STATE ROT-DAN RESIDUALS LFT-DAN RESIDUALS

so 1 0.41."92E"02 0.38661E-02 O.':SZE"12^ 3.,'096E-02

39R1 0.41346E-02 O.3u70:E-02 O.::5SE"22 3.Z1!"qE"02

6 0 5 0.3130.'E-02 0.237R4E-02 0.444E-01 0.50:27E-01

42 4 0.46040E-02 O.SYSAE"02 0.90&4@E-0: I.6S947E-02

42 s 0.46720E-02 O.57S9*E-02 O.11SSSE-I:. O.639&BE"02

45 6 0.45461E-02 0.2418sE-02 0.1644'E.0O2 O.15390E"02

44 7 I.VS4OE-02 0.2601SE-02 I.9:1SSE"01 0.14'SE"01
As a 0.6111-02 0.363211E-02 0.10489E"00 0.7416!E-01

64 9 0.SR97lE"os 0.S7SE-0os G.I1SRE"02 0.11564te*02

A? 1a 0.11445E-Os 0.S*TSZE-04 O.-067-O1 0.14.617E01

46 1 1 0.1532611-02 O.I.SRIIE-02 0.11574E-31 0.81'"SE"02
'9 .2 0. S4IZE-02 0.93745E-021 0.785Z?E*90 0..'2191"00

s0 15 O.SZ?7IE-04 0.4?S7ZE"04 o.27317E-01 I.19515E-0I

St 14 I.35125e-05 0.16145E-05 I.6001E"01 0.2SWfE"01

52 1s 0.4ss52e-0S 0.421flE-03 0.39itEt-0I 0.34ZtSE-I1
55 14 I.RISIOE-0S 0.67027E-03 0.00000E"00 0.010001E"00
54 17 0.26201E-OS 0.2604$E-03 0.OO000E"O0 0.00000E-00

55 is I.51961E"05s 0.I1?6RE-IS 0.00000E.00 0.00000EO00

guENTER "I' FOR HIN. OF LFT"DAN4 RESIDUALS ONLY ..nu

9""USING AS$ VECTOR ELEMENTS AS VARIAILESM0u"

.... ENTER "2 FOR LFT NULL SPACE INTRSEC. ANALY. sun.

.... ENTER "5" TO SHIFT A DESIRED SLOW EXOENVALUE ....

.... ENTER "4" TO EXIT ELSPACE AND WRITE OPlEIO gun.

U.uENTER "5" FOR HMN. OF LPT-DAN RESIDUALS ONLY i ...
gnUSING FIGENVALUE AS VARIABLE. 0 ...

0-00 ENTER "6" TO WRITE SEGEIO. gun.

a-n* ENTER "7" TO EXIT ELSPACE.gu

mu.. ENTER "0" TO EMIT ELSFACE AND WAITE X(51.W. ..
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WlNTER. " TO CALC RESIDS PO RECONSTRUCTED SPACEN

'1.500

Ri T.ISI.47/154.91 13,0,46

RECONI

VS PORTRAN COMPILER ENTERED. 13:0904

.MAIN.. END OP COMPILATION I ......

--CMATM-L -ND OF rOMPILATION •

*R'ONKDO' END OF COMPILATION ."'.'

,"WMATD.. END OP COMPILATION , ...

NWSROOT" END OF COMPILATION S a-an

VS FORTRAN COMPILER EXITED. 13.09:11

LOADING RECOM AND ORACLSA

EXECUTION BEGINS...

ENTER "I" TO WRITE UNDAMAGED EIGENSTRUCTUAEg

CYST. MATRICES. READ "QECONPF DATA Al.

"UNDIEG" • "UNDA3C"•& . CLM".

ENTER *2' TO READ UNDAMAGED EIGENSTRUCTURE AND

WRITE SLOW RT .IUEPACE DATA F0 USIE BY

"ERSPACE- (WRITE •ERSPACE" DATA All

ENTER "S" To COMPUTE RECONFIGURED GAINS.

(WRITE PFRECON" DATA All

ENTER "A" TO COMPUTE RECONFIG. EIrENSTRUCTUE

AND TIME RESPONSE (OPTKATDOPTPLOT)

ENTER "S" TO COPUTE Q AND WRITE FILE 12

"PXACT" DATA.

s

.... ENTER " TO DISPLAY DESIRED EGENSTRCTURE....

"... ENTER -0- OTIERWI-E.

".." CALL.ING LSVDF O 8 ".

.... SVDF OF "B" COMPLETE ....

• RAE(S) * 10 ...

.... CALLING LSVOP FOR C ....

.... LSVDP OF "C" COMPLETE .".

N ow* RAPKIC) . I0 ....

Oi T11.34/9.72 lS,09,A1

RECOMP

VS FORTRAN COMP1..ER ENTERED. 13.094S

"aMAIN"- END OP COMPILATION I *•111

" CMATI4. END OF COM ILATION .

*'RAID" END OF COMPILATION 3 ""

OWRMATD"I END OP COMPILATION 4 ......
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*.SROVON mE OF CMILATION 9

VS FORTRAN COMILER EXITED. 131091511

LOADING RECCIF AND OltCLSA
EXECUTION BEGINS...

ENTER "I" TO WRITE UNDAMAGED EIGENSTRUCTURE.9 l

"UNDIEW'."UNDABC". * CLMW.

ENTER -~TO READ UNDAMAGED EIGENSTRUCTURE AND

WRITE SLOW RT SUSPACE DATA FOR QSE BY

"%RSPACE" 'WRITE **!RSPACE* OATA All

ENTER '0 COMqPUTE RECONFIGURED GAI1JS.

(WAIT" "FAECON" DATA All

ENTER 4TO COMPUTE RECONFIG. EIGENSTRUCTURE

AND TIME RESPONSE (OPTMATO.OFTPLOTI

ENTER "S TO COMPUTE 0 AND WR ITE FILE 12

'FXACT" DATA.

.. ENTER "I" TO DISPLAV RECONFIGURED

... :VENSTRUCTJRE. ELSE ENTER "0'.

... DAMAGED FEEDBACK GAIN MATRIX .

COL :-9

0.21ASSE*O0 -0.13l4SE*OO 0.00000E-00 0.0000OE-00 0.14OOOE-01 0.OOOOOE.00 -0.,"S7IRE-02 0.7-6813E-03 -0.11141E-01

0 .21ASSE*00 -O.IS14SE.O0 0.0000GE*OO 0.00OO00 -O.Z4OOOE-01 C-.000000 -0.ZS7SRE-0Z 0.7681SE-03 -0.1!b14IE-01

0.0000CE-i20 3.OOOOOE*I0 0.20Rf.SE-01 0.00000E-00 0.00000E-00 o.GOOOOE.00 O.OOOOOE.0O 0.00000E-00 O.OOOOOE.00

0.0O00E.00 0.00000E-00 3.ZI9409-01 3.3000O 0.00000E-00 0.OOOOOE.OO O.100O00O .OOOIOE*00 0.OOOIOE*II

0.00000E-00 0.00000E-00 0.1102SE-01 O.IOOE-00 0.19ZOOE-01 O.OOOOOE0 O0.OOOOOE*00 0.00000E-00 0.00010ES00

0.00000E-00 1.0000CE-0O 0.l~Er) .0000CE.00 -O.i9:OOE-01 0.O0000E-00 Q.OIOOOE*O0 O.OOOOOE.IO 0.O0Q0E* O

0.1111CE00 0.0O000E-00 0.00000E-00 0.0OII0E-00 0.6O00E-01 O.OOOOOE-00 0.0O00OE0 O .OIOOOE-00 DOOOCOE-00

0.00000E-00 0.00000E-00 0.000OOE.O0 O.OO000E-00 -0.60000E-01 0.OOOOOE-00 I.OOOOOE.O0 0.000OOE-00 O.OOOCIE-oO

0.00GOOE*00 O.OOOQOE*00 O.OOOOOE.00 0.68S71!-00 I.S87E-00 0.16SIOE*0," 0.0OOOOE*00 0.OOOOOE*0O 0.OOOOQE-00

0.00000E-00 0.000001-00 0.00000E-00 0.68937E-00 0.3800E-0O 0.16S0OE*O2 0.000OOE*00 0.00000E-00 0.0IOE*O00

COL. 10 - 1S

-0.191LlE-01 -O.Z1074E-00 -0.38,182E-01 O.OOOOOE-00 3.O0000CE*O0 a.ooootoEo0 o.DooooE.00 o.ocooIE-oc 0.00000E-00

0.191-61E-01 -0.21079'E0O -0.38292E-01 O.OIOOOE*00 0.00010OOOOOOE-00 .OOOOOE-O0 0.OOOOIOE*0O 0 .OOOOOE*0 .00 0EI

fl.OOOOOE.I0 O.OOOOOE0 O .O0000E-00 1.6123SE-01 3.30CO1E*00 C.OOOOOE-00 0.O000E-0OO .OOIOIE*IO 0.00000E-30

*O.O0000E-00 0.00000E-00 3.00OEO00 0.412zDSE-01 O.00000E-00 O.OOOCOE-00 0.00000E-00 0.00000E-00 3.00000E-00,

0.00000E.00 3.30000E.00 0.00000C.00 0.00OOE*I0 0.2108SE-01 O.COOOOE-00 0.OOOOIE*00 0.OOOOOE*00 O.OOOOIE.IC
0.00000E-00 0.0000GE*00 0.OOOOOE.00 0.00000E-00 O.218SIE-01 0.IOOOOE'00 0.00000E*00 0.OO000E-00 0.OOCOOE-00
0.OOOOOE*00 0.00000E-00 0.00000E0 O .OOOODE-00 O.OOOOCE*OO 0.0OIOOE*00 0.00000E-00 O.OOOOOE.O0 0.OOOOOES00

0.00000E-00 0.000009-00 O.OOOOOE-I0 oooo0o oOE 0.00000E-00 O.OOOOOE.00 O.OOOOE00OE.0OG-0 0.00OOOOO0000E00
0.00000---00 0.OOOOOE*00 0.00000E.00 O.O000OE-00 O.OOOOCE*00 -0.05636E-02 -0.493SE-02 0.780'IE-Of 0.317SDE-O,1
0.OOOOOE*00 0.0OO00 OOE00 0.00000E00 0.OOOOOE* 0 0O0 -0.85636E-02 -0.493SE-02 0.78040E-04 0.317S0E-02

..FTtLOA

COL 1-9

0.21414AE.-0 1I O 0.44209E-03 0.94601E-06 0.240OIE-0l 0.S8SOGE-0S -0.26040E-02 0.747SSE-0S -0.19366E-01

0.21414E-00 -0.13102E-00 0.4417LE-OS -O.S29I0E-06 -0.24001E-01 0.42RSSE-OS -0.260406-02 0.74733E-03 -0.19364E-01

0.1SSSE-02 0.742240E-02 0.26697E-01 -0.90519E-06 -0.2299SSE-06 -0.198M~-04 -0.502'E-03 -O.IS9O1E-04 -0.37206E-02

0.35S90E-02 0.74241E-O.' 0.2,6S9GE-01 -0.90SM7-06 -0.2299S4E-06 -0.199MR-04 -03SOO3O6-03 -0.13902E-04 -0.37.'OSE-02

00.SAE-02 -0.939RUE-02 0.47966E-02 -0.10017E-04 0.1920SE-O1 -0.22SSSE-03 0.51752E-03 0.22912E-04 0.38487E-02

0.5"691!-02 -0.9S97SE-02 0.'7RSR-02 -0.14390E-OS -0.19204E-01 0.2042SE-OA 0.51748E-0S 0.2281,E-04 0.3S88E-02

0.ZSARVE-07 -0.19214E-04 -0.IS221E-OS -0.1670E-OS 0.6000SE-01 -O.S2S61E-04 -0.3074.'E-09 0.2994SE-10 -1).3SS4SE-07

0.2451E-07 0.10196E-06 0.1520SE-OS 0.14764E-OS -0.6OIOIE-01 0.52332E-04 0.30769E-09 -0.ZS87SBE-1O O.SSS66E-07

0.1496E-05 -O.63921E-OS -0.&3997E-04 0.6894SE.00 0.380109-00 0.I6S00E.02 0.SR21BE-07 0.72124E-09 0.649SOE-06
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0.147511-05 -0.64450-05 -0.43932E-04 0.689401*00 0.588101.00 0.165001.02 0.860111-07 0.71250E-08 0.625*51-06

4b. COL I0 - is

-0.19354E1-01 -0.2010251.00 -0.587281-01 0.2146541-04 0.179511-04 0.104601-07 0.540481-08 -0.22918E-08 -0.844981-08

0.0*3641-01 -0.210251-00 -0.!872$E-01 0.246591-04 0.1711-04 0.15479E-07 0.6S7911-08 -0.225511-08 -0.69594E-08

0.37204E-02 0.93827S-02 -0.76407E-02 0.412991-01 0.435151-05 -0.30406E-07 -0.1a204E-07 0.425071-08 0.159831-07

0.!72050-02 0.938291-0: -0.74409E-02 0.41291-Cl 0.43516-05 -0.304051-07 -0.16203E-07 0.425101-08 O.159OSE-07

0.307E-02 -0.12296e-01 0.769661-02 -0.570571-34 0.214081-01 -0.562111E-07 -0.284:11-07 -0.2*8281-08 0.206611-07

0.38484E- 02 -0.122'0E-0: 0.76959E-02 -0.570470-04 0.214091-01 -0.16108E-06 -0.10392E-06 -0.26047E-08 0.43417E-07

q .355450-17 -0.971591-07 -0.473601-07 -0.19057E-08 -0.171581-06 0.152670-07 0.12!69E-07 -0.79*990-10 -0.40395E-08

'.Z556c0-07 1.97030.'-07 ^.w7!87E-17 3. :90Z:0-08 1.371!SE-06 --3.;SS::o-07 -l. ::csE-o7 3. 79-000-:o 3.4'S28E-35

-.'-80E-C6 CG.S67480-S 'f0-5--'.5884E-6 -0.59742E-5 -3).8564:0-: -. 4q! 8E-2 %.:00410-4 'J7-

1.625950-ob -051110 .38841E-75 -0.1:5854E-16 -3.596900-05 -0.856370-02 -- 3.4-5'8E-02 3. :90450-C4 1.31751E-02

.... ENTER "I" PO9 TIME RESPONSE CALC. *

.... ENTER -0- OTNERWISE...

* 0

* R: Ts7.57/*.04 1IuI,25
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